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FOREWRD 


IVork accomplished in the performance of the ten tasks of N^\SA Contract 
XAS3-C218t), "Litiht Transport and ileneral Aviation .Aircraft Icinj Research 
Requirements Prc^rram," is presented in this document. The resultant research 
reipiirements nropram plan is intended to contribute to an overall research 
projirani for the \AS.A Lewis Research Center (^LeRCI in the field of icinq 
technclo^'. The objectives of the study projrram were accomplished by 
addressing ten specific tasks (.the tenth being a reporting task") through a 
ven' comp rehens iv'e Literature search and industrywide sxrrvey/Questionnaire. 

This research studv was conducted bv the ThennDd\Tiamics Grout'' of the 
\orth .American .Aircraft Division of Rockwell International Corporation. Mr. 
R. K. 3ree:e of the Rockwell ^he^mod^■na!^lic3 Group .served as the Rockwell 
Program Manager. Ms. Pegg>' tvonich of the Safetv rechnoIog\- Section, N.AS.A 
Lewis Re.search Center sen-ed .is the M-\SA rcclinical Ntoniior, The authors of 
this report wish to acknowledge the excellent support given by Ms. Hvanich 
.ind also bv Mr. Jack Reinmann, Section Read. N.AS.A LeRC Satetv Technology' 
Section, Mr. Roger LuiJens, Branch Chief, \.AS.A LeRC ‘L*)w Speed .AerodiTiiiiLUcs 
Bnuich, .uid all o;’ tho.se iiidustr.-, Ciovemment agencv, and universitv 
representatives who so generouslv offered their contributions through the 
quest ionnaire. 


ABSTRACT 


\ short term and a long term icing research and technology' program plan 
was drafted for ^WSA LeRC based on 35 separate research items. The specific 
items listed in the report resulted from a comprehensive literature search, 
□rcanitfcd and assisted bv a computer management file and an industry'/ 
Government agenc%' sur^'ey. , Assessment of the current facilities and icing 
technologv was accomplished bv presenting sumnaries of ice sensitiv'e 
components and protection methcxls; and assessments of penalty' ev'aluation, the 
experimental data base, ice accretion prediction methods, research facilities, 
new protection methods, ice protection requirements, and icing instnrroiitation 
The intent of the research plan was to detemine what icing research _LeRL 
must do or sponsor to ultimately provide for increased utiliiation and safety 
ot^ light transport Lind general aviation aircraft. 
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Section I 


SIMIARY 


A stTjdy was conducted to define for the NASA Lewis Research Center, both 
a long term and a short term icing research and tecnnology program which is 
responsive to the needs and desires of members of the light transport and 
general aviation industry. Included were assessments of the current state- 
of-the-art in prediction and test techniques and facilities, as well as the 
adequacy of the existing data base and aircraft instrumentation under icing 
conditions . 

In order to facilitate the overall objectives, the program was divided 
into ten separate but related tasks as follows: 

1. Identif>* ice sensitive components. 

2. List existing ice protection systems for components. 

3. .Assess ice protection system penalties. 

4. Assess experimental data base. 

5. .Assess ice accretion prediction methods. 

6. .Assess new ice protection methods. 

Define a reduced ice protection system requirement. 

3. .Assess NASA LeRC icing research facilities and recommend 
improvements . 

9. Summarice results and recommend research program. 

10. Reporting effort. 

The study was accomplished utilizing a comprehensive literature search 
to obtain the current published information and an industrywide surcev to 
solicit highly specific opinions and answers to questions directly related to 
the program tasks. 

In order to aid the implementation of the specific program tasks and to 
organize t.he material obtained from the literature search, a computerized 
data management tile was used for both the storing and retrieving of 
information. The bibliography of references assembled from the literature 
search, the lists of ice sensitive components and current methods of ice 
protection, and tables of codes used for data storage and interrogation were 
direct Iv used in t.he report. 
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The results of the study program revealed that the techniques and 
methods developed in the 1940 and 1950 's are still being used today through- 
out the general aviation industry. Hie major improvement has been in the use 
of computer codes (mostly individually company developed) for calculating 
flow fields about wings and body shapes, droplet trajectories, ice accretion 
quantities, and subsequent heat transfer characteristics involved with ice 
protection systOT design and certification. Further research is required to 
develop codes beyond the 2-D programs and also codes for ice shedding, ice 
shapes, accretion with ice buildup, and aircraft penalties. 

Ice protection systems currently used are the same conventional systems 
that have been used over the past 20 to 30 years, with perhaps some improve- 
ments in design and utilization. Mew systems such as icephobics, electro- 
impulse, microwave, and acoustic are only in the conceptual and research 
phases . 

A ver>' great concern has been shown throughout the general aviation 
industry for improvements in instrumentation, icing forecasting, quantita- 
tive icing definitions that can be related to G/A aircraft, standard 
certification required for all FAX regions, and a reevaluation of the F.^ 

25 Appendix C envelopes. 

-in assessment of the NASA (LeRC) icing facilities i ,nade including a 
list of fourteen suggested improvements summarized from the industry survey. 

From the results of the study, a list of thirty three research items 
were asse.mbled for laying out a short term and long term research program. 

For purposes of the program, the short term is three to five years and the 
long term five to ten years. Tlie starting times and program costs were 
coordinated with probable facilities refurbishing dates and estimated 
reasonable budgets. Research and technology areas are ranked in accordance 
with the most needed listed first. 


Section II 


INTRODUCTION 


BACKGROUND 


The nature of icing problems and advances in technology related to icing 
and ice protection methods have changed considerably since the 1950' s, when 
the last major thrust in icing research by NACA (now NASA) was terminated. 
.Although industry has accomplished some work in applied R5D, most of the 
effort haj been directed to specific designs for certification of large 
transport aircraft. More recently, expansion in the use of private business 
and commuter aircraft has emphasited the problems that result from applying 
the icing requirements of large commercial aircraft to the smaller, light 
transport segment of the industr/. General aviation and light transport air- 
craft have operational and utilisation problems resulting in relacively 
higher exposure to icing conditions and greater penalties for ice protection 
systems. These are due to: C the smaller physical dimensions, which 

produce relatively heavier ice uv-cretions and, thus, aerodynamic performance 
degradation, (2) weight and cost penalties of icing systems relative to iheir 
payload and cost baselines, and (3) the perceived inappropriateness of 
weather forecasting methods, and (41 lack of partial/limited tvpe cerrifica- 
tion requirements to this calss of aircraft. 

Current icing problems result from increased air traffic vol'jme, lore 
extensive worldwide and seasonal operations, proliferation of low-altitude 
shuttle operations whtre icing is more likely for both civil ana industrial 
use, and an increased threat to general populace from accidents that occur in 
highly populated areas. 

In the meantime, advances in technoIog>" have been extensive in man/ 
areas and particularly in electronics and optics with the proliferation of 
microprocessors, computers, new types of sensors, radar, lasers, holography, 
and microwave. A major effort is needed to resolve the icing problems with 
the aid of these new technologies. Recognition of these factors has resulted 
in N.ASA reestablishing an icing research function dedicated to both short and 
long term research programs, including updating of icing tunnel and 
instrumentation capabilities. 

The research problem is not entirely new, since many technique^ evolved 
in the 1950's, refined since that time, and applied primarily to large 
transports, are accurate. In particular, the correlation of ice collection 
equations, as well as heat and mass ‘ransfer equations over airfoils and 
windshields, has been quite good. Since these quantities are also required 
for light transport and general aviation, some commonality exists. This 
commonality lies in the areas of the following. 


1. The same ice sensitive components, such as flight surface leading 
edges, engine inlets, pitots, etc. The similarity exists in the 
areas of function, shapes, and certain ice protection methods. 

2. Icing physics associated with ice accumulation and heat and mass 
transfer are identical and can be related by comnon scaling 
parameters . 

3. Operational exposure in those regions of operational space which 
are common, i.e. , during transitional flight and at lower altitudes, 

^bst of the differences result from site, performance, mission, and pavload 
differences, where the general a^rlation and light transport aircraft are 
penalized in all these respects. 


It is seen that the major problems vdiich need to be resolved are: (1) 

reduction in operational (cert if:. cation requirements) constraints in order 
to improve the use of the existing and growing body of general aviation and 
lignt transport aircraft, (2) Lmiirovement in safety while operating in icing 
conditions, and (_3) reduction in manufacturing and maintemnce costs of ice 
protection systems as a basis for improving the operational opportunities of 
short distance shuttle services. It is evident that to solve these problems, 
a new, concerted effort must be initiated to combine the ad\^ancements in 
instrumentation, ice protection capabilities and methods, weather forecasting 
techniques , etc. , so as to provide a sound and current technological basis 

xor the design and certification of light transport and general aviation 
aircraft. 


OBJECmT 


The objectives of this program were to define for NA5A both a long and 
a short term icing research and technology program responsive to the needs 
desires of members of the light transport and general aviation industnu 
Included are assessments of the current state-of-the-art in prediction and 
test techniques and facilities, as well as the adequacv of the existing data 
base and aircraft instruiiientation under icing operation. 

SCCPT^D .APPROACH 


The program was accomplished by laying out a detailed and relevant 
foundation fcr accumulation of data which defines the current and future 
iL.i,qg prediction, testing, protection methods, and instrumentation that are 
^p^icable to t.he problems of light transport and general aihation aircraft, 
IhiS foundation established a basis for determining the requirements for 
future icing research and techno log>' efforts. 
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As shown in figure 1, the program consisted of ten separate, but related 
tasks. The first six of these are related, in tJiat the results of each task 
correspond on a one-to-one basis with the list of ice sensitive components 
defined in task I. The outputs of these tasks are similar in format, each 
generating parameter lists which apply to the task I coii^onents. The resiilts 
of the first six tasks were used with the additional assessments of tasks VII 
and VIII to provide the conclusions and recomnendations of task IX. Task X 
is a reporting task. 

The general approach consisted of the division of each task into an 
initial definition phase and a final assessment phase, including conclusions 
and recommendations for each task. The intermediate effort , which involved 
data gathering, data relating, sorting, and interim evaluation was 
accomplished concurrently by means of a computerized data management system. 
This step permitted a major increase in program analysis efficiency by; (1] 
data search and recording of all parameters concurrently, and C-) data 
combinations, sorting, relating, etc., by computer, bas^ on the use of 
specialized parameters derived from the objectives of each task. Additional 
data were obtained from the results of a survey of Government and industry 
relating to the objectives of this program. 

For the purposes of the study program, light transport is defined as 
fixed wing aircraft of up to 30 passengers, having an annual utilization of 
about ZSOO hours in scheduled operations, and operating primarily at 
altitudes below 10,000 feet. General aviation refers to fixed wing aircraft 
utilized in non-militar>’ and unscheduled airline operaticas. .Aircraft with 
the following types of engines are being considered: jet and fan engines, 

turboprops, and piston engines. 

PROGRAM P.AYCFF 


The intent of this program is to provide guidance regarding areas for 
icing research and technology which have the greatest potentiarfor advance- 
ment of the ice protection state-of-the-art as applicable to light transport 
and general aviation aircraft. The short temn and long term icing research 
programs developed from the result- of the literature search, questionj-Laire 
returns, and task studies of this prog'am, along with discussions with other 
icing authorities will help define a laipe scale effort for NASA facilLtv 
improvement and tor MAS.A Ln-house and/or contracted research and technolog}’ 
activity. TTiese efforts should culminate .n an increased utilization of 
general aviation and light transport aircraft with attendant improvements in 
safety and econonr.' of operation. 
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Section III 


RESEARCH DATA ACQUISITION 


LITERATURE SEAROI 


From the very beginning of this study, it was recognised that a fairly 
extensive search of the literature would be required to provide a basis for 
assessing the current state of icing technology and future icing research 
requirements. As noted in the introduction, the last major efforts in this 
field were spearheaded by NACA in the early 1950’s. Most of the literature 
result mg from those efforts has been in circulation for some tune, and 
reviewing such documents would not result in information of which vfe are not 
alreath' well aware. (For example, Rockwell already has an in-house file of 
about 100 icing related documents published circa this period, nxistly by 
NIACA.l On the other hand, a search of the more recent literature would 
provide an indication of the problems and solutions which currently exist in 
the general aviation and light transport industry. .As a result, the search 
■was limited to documents published since 1968, and to subjects concerning 
aircraft related icing only. Helicopters were explicitly omitted since it 
’.was telt that this area would be studied under a similar but separate \ASA 
sponsored contract. 


The scope and effort of the search was quite large, since it was 
intended that the literature would provide the support required for the 
research program recomrriendations . Three search sources were utilited - 
NvASA, National Technical Information Service (NTISj , and the Defense 
Doarnientation Center cDDC; . Abstracts 'were requested of all documents in 
these files which addressed aircraft icing and aiiti- icing. 

Figure 1 presents a sample page from the M-\SA literature scirch. A 
total of 121 references were cited by .V-ASA as pertinent to aircraft icing and 
anti- icing methods. Note that abstracts were not available for ail of the 
references, although in many cases, at least a partial description of the 
contents was included. Documents published in a foreign language (excluding 
translations) were not considered for the purposes of this contract, due to 
t’jr.e and man power constraints. However, it was noted that eight of these 
'.vould pertain to the objectives of this prcgram ;ind might be incPaded in 
tufare studies. 3ased on the abstracts, "9 references were determined to be 
of turther interest to this program, ,md were ordered. 


The DDC search turned up onlv 3* documents which met the search 
constraints. Table I presents the ’’first" .ind "second level search term.-^" 
used by DDC to e.xtract documents of interest from its files. In essence, the 
search requires t.hat at least one term from each level appear in the descrip- 
tors tor each document. Hus mav he seen to be the ca.se in the DDt.' search 
sample of figure 3. Thirteen documents wore ordered from the DliC for further 
exar.inat ion. 
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The NTIS cited 122 documents. Thirty seven were considered of interest 
to the program. Seven were found to be duplicates, so thirty documents were 
ordered. 

In all, 380 documents were cited by the three services, and 122 were 
ordered. However, the number actually reviewed totalled 141, since: (1) 

some of the documents which were received contain a number of separately 
referenceable articles of interest to the program, and (2) there were 
documents not listed in any of the searches which were already in Rockwell's 
possession. 

A computer iced bibliography of the references which have been reviewed 
as part of this program was developed. This file stores the reference 
titles in standard bibliography format, but also keeps track of the year of 
publication, the source of the document (e-g.. USAP, USN, con^any, country, 
etc.l, 3 subject (assigned by the user), and the Government accession number 
(MASA, DDC, NTIS, or other). The most current output of the bibliography is 
presented in .Appendix .A. 

.A manipulation of this reference file was made to sort the above reports 
by siibiect. This was done in order to identify those areas where icing work 
and studies are currently being conducted which have application to NiASA 
research objectives. It would also point to areas where such work is lacking. 
The results of this file search are presented in .Appendix A. It was found 
that in general, there was good balance among the separate subjects. .As 
expected, the bulk of the references could be classified as pertaining to 
general aircratt icing. Tliere were also quite a few concerning anti- icing 
and deicing systems. Only three accident reports relating to icing were 
reviewed, plus three on fuel additives, and three on carburetor icing. Onlv 
five out of the 111 reports dealt entirely with an analv'tical model for air- 
craft icing. The literature searches turned up a number of documents on 
helicopter icing, but these were not ordered unless they appeared to have 
-application to the general aviation segment of the industr/ as well. .As a 
result, only si.x documents are listed under "helicopter icing" in .Appendix B. 
Some reports such as the accident reports which were not specifically sought, 
turned iro in the literature search due to the key code words used in the 
search. Hiev were reviewed for their possible contribution to the program 
and recorded. It is suspected, from the review of many documents, that much 
good data mav remain hidden due to: i.l"' the use of nondescript titles, or 

- the fact that a report may contain icing data which is not properiv 
i-dentified via either the title or kev search terms. 

QAIA MA\AQ3E.\T FILE 


Review of the literature has to be accomplished in a consistent, repeat- 
able manner, with certaLn questions oeing asked of each document which 
related e.\plicitlv to the objectives ot the program. In the nrocess, t.he 
reviewer obtains a teel tor the content of the literature and its application 
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potential for the various tasks ot the program. However, after reviewing 
more than 100 documents, it becomes difficult to efficiently remember or sort 
out which of the documents was applicable to what purpose. .Also, this 
procedure almost requires that the reviewer also be the primary in^/'estigator 
for the effort, if he is to know what is contained in each document. 

In order to get around this problem, a computerited data management 
system was used in this program. The idea behind this system is to provide 
a means of storing the information found in the literature into an easily 
retrievable file. In this way, the reviewer quickly scans and reviews each 
docunent, answering a number of pertinent questions in code form on computer 
data sheets. The data sheet information is then punched into cards and 
entered into the icing research data file. 

For this studv, the MARK IV File Management System was used. This is a 
system proprietary to Informatics, Inc., but which is on line as part of the 
Rockwell computer system. .As the name implies, the primarv’ concept of .'1ARK 
IV is the ability to manipulate files of data. Basically, vdiat the user 
must do when starting out, is to decide what information he w'ants to store 
from each record (or reference'), how he wants to store it, and in what format 
he wants to input the data unto the system. This "file creation" process is 
depicted in figure 4, and can be broken down into "file definition," 
"transaction detunition" (input format], and "file creation" phases. It is 
important to choose the categories of information to be stored carefully when 
first developing the file because it becomes increasingly difficult to go 
back and restructure the file as the number of records (or references) 
inserted into t.he file grows. 

Cnee the files and their transactions have been defined, the user has 
the abilitv to solve his information management requirements. In MARK lA", 
this is done through t.he use of "requests.” In general, requests are the 
meaiL'5 bv which a user selects records from a file, selects specified data 
from ‘he records for computation and logical processing, and specifies the 
desired output. This output normailv takes the form of reports, intermediate 
result files, subsets of the original file, or combinations of all of these. 

A verv simplified scheme for a MARK IX file is shown in figure 5. In 
this example, the total file length allocated for data storage is 
locations per record, or referenct . Th.e first three are allocated to the 
reference ramiber, and the next fifteen to the aircraft tvpe discussed in that 
reference. The last three sets of three locations are for filing th.e tee 
sensitive component, if .mv, addressed in the reference, the anti- ice svstem 
discussed, and the data base -..i.e., wind tunnel testing, anaUtical, etc.). 
Note th.it for the latter three, a code number is stored, instead of a word 
description. Tiiis is done to reduce the file site requirements. For e.\,;imple, 
; each of those three parameters were allocated 10 locations each in the 
file, r.hon the file length would be per reference, in.stead of the 1' 
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•igure 4. Ibw to Create A I- tie Using Mark IV System 
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10 HOT AIR 
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T able for Data Base 

1 WIND ^T.^■^'EL 

: FLIGHT TEST 

5 .AXALTTICAL 

4 NCNT 


Figure 5. A Sanple Mark IV Icing File 








locations shewn in the figure. The code numbers are chosen from tables of 
components, anti- ice systems, and data base which the analyst constructs at 
task initiation. 

The file used to actually accomplish this effort was much larger than 
the sairp.le file in figure 5, but the basic principles are the same. A 
number of questions were developed for classifying and storing the informa- 
tion found in the references. These questions were based on the investiga- 
tor's interpretations of the task objectives, and deal with a number of items 
required by these tasks. 

Figure 6 presents a txpical work sheet used during the review of the 
literature. The work sheet breaks down into four different parts. The first 
part deals with the reference in general, and includes codes for a reference 
number, the component types, anti-ice methods, and the availability of the 
reference. The tables of codes which were used are presented in i^pendix B. 
The "data base" describes the type of data in the report, such as commentary, 
statistical, operational e.<perience reporting, type of test facility, 
computer program, etc. The "method of expression” describes or classifies 
any specific equations, or notes whether there are computer pro grains /data or 
experimental measurements included. Tl'ie "research status" allows the 
reviewer to note whether the reference suggests that research is either 
needed or not needed, as well as hew badly it is needed. A code is included 
for the "icing conditions" discussed in the reference, such as Liquid water 
content, altitude, drop sine, flight test under natural or tanker icing, 
combinations, flight profiles, certification data, and many others. The 
"state-of-the-art” code really applies to the method of anti- icing or 
instruments which [iieasure icing. Using this code, the reviewer assesses 
where tne state-of-the-art lies; i.e., off the shelf, new concept, etc. 
Provision is made for indicating the aircraft discussed in each reference, if 
applicable. Finally, up to four lines of comments are allowed regarding the 
overall reference. Here the reviewer can rate the source, or simply provide 
a mini- abstract , if he wishes. 

The second part of t.he work jhcet deals with the icing phenomena in the 
reference, such as heat transfer analyses, water drop trajectory/collection 
, ice shedding, aircraft effects, etc. Once the phenomenon has 
been coded, questions regarding its data base, method of expression, research 
i«tatus , and icing conditions are considered. If icing phenomena are not 
discussed, all the attendant codes and comments which follow mav be Left 
bkmk. 


The thirc part of the work sheet addresses the penalties discussed in 
vhe refeience. These are coded to signity whether thev address components, 
or are aircratt associated (weight, speed, drag, range, etc.l. A rating of 
the penalty is also coded; no eftect, small effect, moderate effect, severe 


etfect, etc. 


1 3 


f 













The same questions are asked in the penalty section as were asked in 
previous ones. The data base, method of expression, research status and 
icing conditions are noted. Up to four lines of comment regarding the 
penalty information in the reference are allowed. Again, if penalty informa- 
tion is not discussed, ail the attendant codes and comnents are omitted. 

The fourth part of the work sheet, which was an addition made after a 
considerable ntcaber of references had been reviewed, addresses the instrumen- 
tation associated with icing which are discussed in each reference. Again, 
the sime questions are asked in the instiunentation section as were asked in 
the previous ones. Allowances are made for additional instrumentation when 
"more than one" code is used. The principle of operation and utilication of 
the instruments are also indicated by code number. Again, up to four lines 
of comnents regarding the instrument information are allowed. A component 
code number in the first part of the work sheet Immediately indicates to the 
computer and reviewer wiien the main subject of the reference is 
instrumentation. 

The questions and codes used are meant to reflect the task requirements. 
Some additions or changes were made, such as the addition of a section 
regarding instimmentation. However, as more and more of the literature was 
reviewed, it became more difficult to make changes, since one would then have 
to go back and rcreview the doaoments already incorporated into the files. 

Ml 141 references were reviewed from the standpoint of these questions, 
and the resulting information was input into the MARK IV system to create a 
file of data pertaining to icing research requirements. The entire process, 
including the literature search, file creation, and file manipulation is 
schematically depicted in figure , . .As expected, the file was an efficient 
tool ^ for manipulating the findings of the literature so as to address the 
requirements of the various program tasks . 


During the course of this effort, the computer file was interrogated in 
a number of different ways, and the results \.-ere used in the fulfillment of 
each task, as required. The computer outputs from these interrogations are 
included in this report as .Appendix C, 

I-\I)UST^^Y/GCA'ERS^E^T/U^'^^ER5m• SURA’ET’ QUEST I GNMA I RE 

Earlv in the program, it ivas decided by the NASA that a ver worthwhile 
addition to the program would be a surt'ey of the general aviation industn' 
and these concerned Government agencies involved in aircraft icing technology-, 
to solicit tlieir views wit.h regard to a number of the program tasks. 


1 " 


T 


I 

i 

I 


MASA 

SEARCH 


1 

I 

I 



data RFTRIEA'.Al. AVD AvVLYSrS 


Fi^:;ure Use of Data Manav’er'.ent to Accom[:lish Tasks 


IS 









The major objectives of the survey/ questionnaire were threefold, as 
follows : 

1. To solicit the latest up-to-the-minute infomnation on many different 
aspects of icing technology including ice protection system design 
and operational techniques used by the general aviation aircraft 
industry and related Government agencies. 

2. To solicit the views, comments and recommendations from the experts 
in industry and Govemment, concerned with icing problems and their 
resolution. 

3. To give the icing technology experts in industry and Government an 
opportunity to voice their concerns relating to icing and icing 
protection and to influence the direction of future NASA research. 
These inputs would allow the reflection of the broader view of the 
general aviation industry/ in the recommendations given to NASA for 
short and long term research plans. 

.A copy of the survey/ questionnaire and the letter of transmittal sent to 
industry and Govemment agencies is contained within the report in .Appendix 
D. The sur\'ey/questionnaire v,us sent to eight Government agencies and fifty- 
two general aviation aircraft companies and universities. 

The questions in the survey were grouped into eight basic sections 
dealing with: 

1. Ice 'Protection Systems 

2. Ice Protection Penalties 

3. Propulsion System Icing 

1. .Airframe Icing 

5. Testing Techniques 

6. Calculation Techniques 
Weather Data 

3. Final Recormendations 

Taese eight sections went right to the heart of t.he unportant material 
of the study progr.Tm in an effort, not onlv to obtain t.he most current infor- 
mation .ivailable trcm t.hose e.xperts from industim.’ and CiOV'emment agencies 
working in the aircraft icing field, but in the case of penalties data, to 
obtain data not read.ilv available in the general literature. An initial 
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revie.v of the literature obtained in the studv program indicated that there 
was only a limited amount of icing, icing component, or anti- icing svstem 
pe^lty data available usable form. .Anti-icing protection system penal tv 

data li usually aircraft model oriented and systan oriented rather than anti- 
iced component oriented. 

.Also noted in the general literature was a lack of specific data base 
intotmation regarding specific computer codes used for analysis. This nav 
Of course, be due to the proprietar>’ nature of many computer programs 
^veloped in the private industry sector. Specific infoimation on data base 
was requested, not onlv to obtain direct and current information on the 
subiect, out also due to the fact that in much of the literature reviewed 
tne uata base was poorly defined or merelv inferred. 

Each questionnaire was sent out with a letter of transmittal. Tivo basic 
• ^^ed, differing only in one or two sentences depending upon 

■hether the letter was being sent to a representative of the aviation 
inaustiv- or to a Government agency. In general, t.he questionnaires were not 
louirS'^n to the icing e.xpert. but to a company official who 

iice ^tomation presented wa.s in accord- 

ance with the individual corapcuiv policies. 

Approximtelv A5 percent of the companies, universities, .ind Government 

sSn'in “ 'h"' responded. A list of the respondents is 

indicates that a good cross section of both 
.ncus>.r. and i,«jveinir,ent contributed generously to t.he program. 

on presented in the responses were in the form of tabulations 

on i.L .rouction svsterLS ,ind components, itost of the data were relit’ve 

^^spect to the v.arious aircraft ncdels listed. All 
-he uata presented were primarily m the form of written :inswers to 

Jit st.oi.i^ .gjestion.s. >!ost organication.s were extremely helnful by 
presenting t..eir answers directly ui t.he same format as tJiey were asked. 

Pncm the survey was carefully evaluated and then folded 
y y:,; -cnons of the report. Since manv of the respondents 

vvs'4''^"^ '"y duescion. . no attempt 

body of the report for credi*s 

information from an evahution of the 

■ nr., .as asserble.. .end is presented in Appendix F of the report 


TABLE ri 

LOG OF QUESTIOiN'NAIRE RESPONSES 


date 

RECEITTD 

06/11/80 
07/28/80 
08/01/30 
OS/01/80 
08/0 V 80 
08/11/80 
08/14/80 
08/14/80 
08/15/30 
C8/1S/30 
08/15/30 
08/12/80 
08/22/30 
08/ 22/80 
03/29 /SO 
09/02/30 
09/05/3C 
09/03/30 
09/11/30 
09/16/30 
1C/20/S0 
1 2/' 04/ 30 

12 ' 04/30 


FIRM 

Roclorfell, General Aviation Division 
Key Industries Corporation 
Teledyne -Ryan Aeronautical 
General Dynamics, Convair Division 
Cessna .Aircraft 
Crevi Systems Consultants 
Gulfstream American 
•AiResearch Mfg. Co. of .Arizona 
BendLx Avionics Division 
Beech .Aircraft Corporation 
Dhiversity of Kansas 
Dept, of Transportation, F.AA 
3. F. Cfoodrich 

A. F. Wright .Aeronautical Labs 
Lockheed -Georgia Conpany 
.AVCO - Lycoming Division 

Diper .Aircraft Corp. , Lakeland Division 
Detroit Diesel .-UUson 

MAS.A, ,'tarshal Space Flight Center (TBi'Cl 
Douglas .Aircraft Companv- 

Piper .Aircrart Corp., Santa 'laria, Calif. 

Boeing Commercial Airplane, Co.. 

Seattle, '.Vashington 

LT.e De .TavilIanJ .Aircraft of ..onaJa 
^hitario, Canada 


TYPE 

Aircraft 

Systems, Operations 
Systems, Operations 
■Aircraft 
.Aircraft 

Systmes , Operations 

Aircraft 

Engines 

Systems, Operations 

.Aircraft 

University 

Government 

Svstens, Operations 

Government 

■Aircraft 

Engines 

.Aircrafr 

Engines 

Government 

■Aircraft 

■Aircraft 

Aircraft 

.Aircraft 


Section fl' 


TECHNIC-VL DISCUSSION OF TASKS 


In the following technical discussions, are the assessments ar^d evalua- 
tions of the many facets of icing technology referred to in the specific 
program study tasks. It was the considered opinion of both NASA and 
Rockwell that these assessments and evaluations would play a very necessary 
part in the development of the requirements for a short term and long term 
icing research program. 

ICE SENSITIl'E CQ^IPQNENT CATEGORILmON 1.T.ASK 1 ) 


The logical first task requirement in this program was t'l identify and 
list all light transport and general aviation aircraft components which are 
ice sensitive, particularly those which need to be considered with respect to 
ice protection. Ice sensi‘'‘ive refers to those components which: 

1, Accumulate ice Ln the presence of an icing conducive atmosphere. 

1. Are "problem oriented" with respect to aircraft performance, safet>y 
maintenance, design cost, life cycle cost, or other tv-pe of penalty, 

Ihe ice sensitive coinponent list developed for the study program is one 
of the primar-' codes for the data file and is shown in its entirety in 
Appendi.x 3 as the first table in the series of 15 "lookup" tables. This code 
list not onlv lists the ice sensitive component but also gives answers to the 
following questions for each component. 

1. ’rthere and/or how does the ice form? 

1. '.Vhen does the ice form? 

3. Is it a problem" ‘Ahv? 

The list is considered quite definitive and was updated several times 
during the program. The component List is the basis for all of the other 
t.isks of the program. Each succeeding task concerns all, or at least several 
ot tne ccmporients on the list, depending upon the technology subject ;md th.o 
avai lahil irv of tl'.e data. 


Table III is a matrix or components versu.s 
comronenti are listed under several general tit 
nirural categories as follows: jet engines, f:in 
vongines', piston engines, iiroraft instrim’.ents 
surfaces •.''"rernage , :ind wings. 


ice protection metiiovls. T!ie 
les which divide them into 
;et i engines'! , turboprop 
■ flight', fuselage, tail 


TABLE III 

MATRIX OF COMPONENTS VS ICE PROTECTION METHODS 


CODE: 1 Continuous 

2 Cyc 1 1 c 

3 Intermittent 

4 "Cne-Shot” 


ICE- PROTECT ION METHOD 

HOT AIR 

ELEC, 

fluid 

OTHER 

£ 

£ 


- 







COMPONENT 


q£ O I 

C OC 

z o 


cc. 

h-“ 

X 


JET ENGINES 

1 . Main Ini et 

2. Blow In Doors 

3. Inlet Noise Suocression 

4. Nose Cans 

5. Screens 




z 









La 


Lu 







C-) 


Z 










LU 






>- 

£ 


> 







LU 

2. 

1-^ 








LU 

►— 






•> 

LO 





Lu 


-j 

u*> 



a 


(a 



§ 



Q 

o 



C 




c 


>— 


cc 

oc 


— 




LO 

o 

LU 

LU 

C 

LO 



3 


a: 

h- 

h- 



..a 

LU 

LU 

o 

o 

2 

X 

- : 

w 


:3 

z 

o 



UJ 

c 

• 

O 



< 

z 


2,3l 


'IS’CN ENGINES 

Carouretor 
^’jl 1 P-ooe I le's 
'■jsn ^’■Dcelle-s 
•nc i ne Ccwl ’ no 


1.2' 3 
' .2 3 


' 5. Inlet Guide 'Vanes 
7. Rotor Blades 
3. Frame Struts 

1 1 

: 1 ^ 
1 ' 

i 1 

1 

1 i ■ ■ ! 

1 1 j 

' ! ; i ! 

FAN JE” 

: 


: 

Items 1 7 j 4 ,And 6 To 7 From 



! 1 ' 1 

Jet Engines 




Fan 

i 1 


1 1 ' ] 
■ • ] 

Byoass 

: 




TLRBCPPCP 



_ 



Items I , 4, And 5 "o 

From 

1 

j 


: ■ i 

' . 1 

Jet Engines 





1 

Particle Seoarators 


t 



11^ 

Screens 






F'j 1 1 p>'oce 1 1 e'"s 



' •« •-> 
' 

3 

1 

P'jsn P’-ooellers 



1 ^ 

3 

' 1 ' ■ 

Eng i ne Cowl i ng 



1 .2 


' 1 ' 


1 


i 


i 


ICEPHOBICS 


table III yiATRIX OF COMPONENTS VS ICE PROTECTION HET HQDS 

(conti nued) 
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The ice protection method or methods used with each of the ice sensitive 
coinponents is shown on the matrix and is discussed in the next section of the 
report. The effects of ice on the unheated components and the penalties 
associated with the ice protection systems are the subjects of discussion in 
subsequent sections of the report. 

ICE PRCrrECriON >ethods categori lotion [task Z) 

Ice protection methods for the ice sensitive components identified for 
Task I were itemized and utilized for the matrl'c of combinations shown in 
table III. A list of ail of the various ice protection methods currently 
used or in research and development stages have been included in the second 
table of .Appendix B. There is a computer file code number for each method 
and there is a column parameter established for the code in the data file. 

The ice protection methods shovvn in the matrLx of table III have been 
further detailed in that they have been coded to indicate the type of system 
such as continuous, cyclic, intermittent, or "one shot," that are normally 
used for a specific component. 

In general, ice protection systems fall into the following 
categories : 

1. Hot Air 
Electrical 

3 . Fluid 


4. Pne’umatic 

5. Other (Acoustic, Microwave. Vibrator.', Icephobics) 

The first four categories are in cortJTion use today and have been for some time 
in the past. The systems under the heading "other” are still in the concep- 
tLUii and'or research ;tnd development stages. 

All of the.se categories of systems fall into one or both of two possible 
t'."res of protection svstoms : [1) deicing systems, or ill anti-icing svstems. 

Deicing refers to the removal of ice accretion after it has built up. 

Deicing can be acconplished by anv of the categoric.^ of systems listed. 

.Anti- icing refers to the prevention of ice formation before it can start to 
build up. In general. onti-icLng con onlv be accormdished bv the first three 
categories of s^■ste^ls. basicall\’ fluid or thermal mean,s. It mav be noted 
here that all of the new conceptual and research and development svstems are 
deicing svstem times. This is not considered unusual since one of the main 
concerns is to reduce the power requirement.s of these now svstems. '.Vicing 
sv<;temjs, bv the nature of their operational character i st ics , which are alwavs 
intermittent, use less power than inti- icing svstems. 
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Descriptions and discussions of the conventional methods of ice 
protection and of ice protection systems may be found in many of the 
documents listed in the bibliography of references herein. In particular, 
references .5, 105, and 108 contain design data, descriptions and 
discussions of both deicing and anti- icing systems. 

COflPON-ENT AM) ICE PROTECTION ?ETHOD PENALT Y ASSESS? ENT 
■A.\D E’/.aTU^ION (T.ASK 3] 

GE?^ERAL 

The objectives of this section are to identify ice protection systems 
and related factors which have the greatest payoff for improving the icing 
'wOndition operational capability of general aviation and light transport 
aircraft. 

In order to achieve the objectives that are desired, an assessment of 
the penalties associated with the ice sensitive aircraft components and the 
i^e protection systems utilized or contemplated for these coii 5 )onents was 
made insofar as data were available. A literature search was conducted to 
obtain data with respect to penalty data associated with the ice sensitive 
components or ice protection systems. Five lines (12 through 161 were 
allowed for penalty associated data on the computerized master file computer 
code font. Questions and fill-in charts were included with the industiy/ 
Government survev questionnaire, in order to solicit the desired information 
from general aviation aircraft manufacturers, universities, and experts in 
cov'errment agencies associated with aircraft icing problems and technolotp’. 

The literature search was conducted for penalty factors which concerned 
1 . 0 th unprotected aircrart ice sensitive components and ice protection svstems 
such as the following: 

1. Power Requirements 

2. Initial Cost 

3. '■laintenance rime and Costs 

A. Impact on Aircraft Performance 

a. AercC.vnomics. CCp, .tih. frail Speed, etc. 

b. height 

c. Range, Pav load 

d. Speeds. Miximmi, Cruise, etc. 

3. Reliability 

0. Safety 




A 




A 


— 


Tl.'TISnnB 





The literature search was disappointing in that very little information 
on penalties is published in the general literature, particularly under the 
general title of component penalties. Certain types of information, such as 
electrical power requirements and heat requirements can be extracted from 
published analyses made on specific systems for specific aircraft. However, 
specific penalties such as electrical power required or heat required (which 
is sometinws translated into an engine bleed air flow available) are 
difficult to assign a relative ranking because they are intimately involved 
with the type, site, and capabilities of the specific aircraft/engine type 
involved. The ice protection system requirement for a particular ice 
sensitive component which may impose a severe penalty to one type of aircraft 
may impose only a minor penalty' to another type of aircraft. 

It is logical, then, to make penalty' assessments on a basis of ice 
protection 5 ystem(s) for a specific aircraft and/or type of aircraft vdiere 
ice protection systems are provided and data are available. Different kinds 
of ice protection systems for the same ice sensitive component are evaluated 
with respect to each other. The same logic holds true with respect to ice 
accretion on Linprotected components regarding the impact on aircraft aero- 
dvnamic performance. The impact of icing on aircraft performance due to 
icing of unheated surfaces such as the leading edges of the wings, horizontal 
and vertical stabilizers, wing struts, engine cowl propeller, etc. is in the 
form of increased drag, reduced lift and rate of climb, and increased stall 
speed. Flight tests have indicated that only 1/4. inch of glaze ice on the 
leading edges of the wing can reduce climb speed bv 300 tpm [reference 1] . 
This same reference indicates that wing icing can contribute 40 to 60 percent 
of the total icing drag on an airplane. Propeller efficiency' on a typical 
C/A aircraft can be reduced by as miach as 10 to 19 percent (reference 1 and 
\ACA TN 1398'! bv ice buildups. For business let type aircraft with new wing 
i,approxlTiating supercritical! cross sections, less than 1/4 inch of ice on 
the leading edge "hi-lite" or stagnation point can increase the stall speed 
bv 10-15 knots. Propeller driven G/A aircraft also exhibit the same 10-15 
knot stall speed incre.ase for 1/3 to 1/4 inch ice buildup on the wing leading 
edge. Icing accretions on the engLne cowl, aircraft nose, miscellaneous 
antenna, and other protuberances can contribute as much as 10-15 percent of 
the total increased drag due to aircraft icing. 


Recent tests with simulated ice representing 10 minutes of moderate 
0.5 gms/m'-' icing on the leading edges c f the Sabreliner 65 wing, increased 
the stall speed bv 13 knots. .Although handling qualities of the aircraft 
were ver-' sat istacton', some buffeting was experienced with the ice shapes. 


Data on a .HJ-llD aircraft 
kCVF. .m ice accixralat ion of 
suit ace leacing edges will 
power setting. 


laken from reference 41 indicate that at 1~C 


inches moderate icir.g^ 


the flight 
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knot loss in speed ..it the same 
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A excellent study of the effects of siinulated hoar frost and j--e 
on three basic wing configurations of the NAG\ 6SA215‘wLng section is 
contained ^ reference S3 by Sundberg and Trunov. Figure 8, taken from 
reference So, shows the effect of simulated hoar frost on maximum lift Tlie 

rhorH"^ cleaning the first 18 percent of the 

^ord. The effects on maxiirm lift and cruise drag of simulated large 

co^idered of importance for light aircraft are shown 

conditions for no flap and for trailing flaps 
extended are shown in figures 10 and 11, taken from reference S3. A third 

mo^t^STlenerar^ here since 

?eaHina J f aircraft and most light transports do not- use 

leading edge slats, whereas, many use flaps of one type or another. Of kev 

Cr fr ^ f^g^res, is the fact tf^at the big reduction in CL [a) or ' 

fr^? ^ minimum accretion (hoar 

somewhat from that point. At low angles of 

the flaD^e^LTH negative angles of attack for 

the flaps extended configuration, ver/ little change occurs in Ci (a'l or 

for any of the sumlated ice shapes. For sustained e.xposure^o iSng 

conditions, an aircraft loitering with a relatively high angle of attack must 

have an ice protection system that keeps the flight su^facef ^eUtivJlfcI^^ 
in order for the system to be effective. *eiative.y clean 

RELATn-E PE.\ALTIES DUE TO EFFECTS OF ICING/ICE PRUIECTrON' SYSTDIS 

Data from the results of the questionnaire were reviewed and selected 
penalty data on t.he icing effects on aircraft or components or penalties due tn 
ice protection evste,. .ere tabulated. Table lY lisS the Z 

co^onent n^. n^e penalties are siven a relato^ ?SSfaS“= 
pewits. .) ^derate penalty, and (3) snail penalty. The miorik of th^ 
smair*^Th°" components Here either moderate or 

-■ 

data Cromhv ^ ^"dlty a.ssessment of the protection systems b.Ysed on 
Civen'tor -^irh ! .f lonnaire . Penaltv rankincs are 

Lu^.-on “ br “"i?'’'. '■=^80 
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Harare 10, 


The Effect on and Shapes . rcn 

the [cinv; Tunnel CorTespondLnj: to Icing in cruise 
for the \o Flan Cent iguration, Ref 53 
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ri;CLire LI. TL'.e “ffect or. Cl'ci' and Ci - 7 ,a.x of Ice Shares Fron 
the Icin^c Tiau'.el Corresrondinis to Icing in Cra ise 
but With Trailing Fdge Flap extended. Ref 5.3 





TABLE I\’ 


t 
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II.l PBIALTTES OF ICING EFFECTS ON AIRCRAFT BY CCMPONENTS 
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ICE PROTECTION S^'STEM IVEICHT PE\.UTi' 


Ice protection system weight depends upon the t>pe of system used, the 
ice sensitive components protected, the extent or area of each component 
protected and the design of each protective system that is provided. 

It has been found that in general the ice protection system weight of 
all aircraft except large wide bod>' transports ranges from 0.2 to 1.5 percent 
of the vehicle empty weight. This ice protection system weight for piston 
engine aircraft ranges from 0.6 to 1.0 percent of the aircraft takeoff 
weight. .\lso, it has been calculated that in general, ice protection systems 
weigh in the order of 0.4 to 1.6 pounds per square foot of protected area 
(reference 1021 . 

Because of the discrepancies in the "bookkeeping" used to assign ice 
protection system weights and those associated systems weight that may have a 
portion attributed to ice protection, e.xact weights are sometimes difficult 
to come by. 

In percentage ratios of ice protection system weight to aircraft weight 
from heaviest to lightest, the sequence is as follows: 

1. General Aviation (Piston or Turboprop Engines! 

2. BiLsiness Jets 

5. ASiV Patrols and Trainers 

4. Comr.ercial Transports and Helicopters 

5. Fighters and Bombers 

0 . Jumboiets 


A surtev was aude of general aviation ;ind light transport aircraft to 

Lght of the stanvlard or optional ice protection svstoms used 
Fac.h aircraft chosen was representative of a particular 
E III figure 12, the ice protection svstem weights are 
;he aircraft total gross weight for each tvye of aircraft for 
Table '.’T presents in code form, the protection 
■ieteimine tliese weich.ts. md table VII defines 
these cedes, givinc the t'.To .,'f s'.'stem .in,i cemronent r'rotected. 
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L^BLE 

AIRCRAFT TYPE (rtTICAL EXAMPLES OF WEIGHT CLASS) 


N’O. 

SYMBOL 

\WNUFACIURER - NAi\E | 

ICE PROTECTION SA'STEM CODES 
(See Table VTIIl 

IPS hT 
Clbs) 

1 

A 

Piper 

- Aztec F 

BW,BV/S,EP 

43.8 

2 

0 

Piper 

- Navajo 

HDF,EW/S,WW,BW,BV,BH,EP 

62.0 

3 


Piper 

- Cheyenne 1 

BW.BH.BV, Lights 

59.4 

1 ^ 

1 

I 

Pil-er 

- 600A .Aerostat 

HDF , BW , BH , B\',EP , EW/S , EPT , 
Lights 

~5.9 

1 5 

1 

i V 

1 

1 

1 

Rockvell 

1 

1 

- Commander 700 

EW/ S , EPT , EP , WV , BW , BH , BV , 
Lights 

^3.3 

i 

' 6 

o 

1 

; Rockwell 

- Sab reliner 65 

Bv7S,HW',HE,EPT,WW/S 

86.0 

1 , 

▲ 

1 Beech 

1 

- L-:3F 

BW,BH,BV,EW7S,EP 

123.0 

' 3 

■ 

1 Beech 

- L-23D 

BW,BH,BV,DV/S,EP 

144.0 

; 9 

1 

• 

i Beech 

L-:5F 

Btf,EH,EV,FW/S,EP 

10". 0 

' 10 

▼ 

i Gates 

- Lear jet I4F 

■rW,EH ,EA', FR ,EPT ,HE , FW/S ,HDF 

so.o 

! 11 

: ♦ 

1 

I Canada ir 

- dial lender 

LAVS,HW',H\',HH,HE,EPT 

S5.1 

i: 

s 

\ Canadair 

- Ch.allenger c 

1 Bv7S,Hlv,HA',HH,HE,EPT 

93. 1 

: 

,A 

■Af 

Grumman 

- Gulfstream 3 

1 BV/S,HVi',EPT (Est- 

} 108.0 

: u 

« 

: .ADS- 4 

- *FTt'P .A'C 0 

i BW,3H,BV,Bv7S.EP 

! "S.O 
1 

! 

A 

' .ADS- 4 

- ’'mT ,V'C d) 

BW,BH,BV,EW7S,EP 

! "0.0 

i 

: Q 

.ADS-4 

- nri"P .VC © 

] 3W,3H,BV,BV/S.HE 

; so.o 


*H\TOthet ical aircratt for ice protection system 
penaltv assessment, ref. FAA .ADS- 4 


'v1 



T.^BLE VIII 

.-VIRGUFr ICE PRcTTHCTION SYSTEM CODES 


TYPE SYSTEM 

CaiPON’ENT 

CODE 

Pneuiratic Boots 

Wins 

BW 


Horitontal Stabilizer 

BH 


Vertical Stabilizer 

BV 

Hot .Air 

Wing 

HW 


Horizontal Stabilizer 

HH 


Vertical Stabilizer 

i-V 


Wingshield ,VI 

HW/S 


W/S Defrost 

HDF 


Engine Inlet 

HE 

Electrothermal 

Wing 

EN 


Horizontal Stabilizer 

EH 


Vertical Stabilizer 

EV 


'Windshield 

HW/S 


Propeller 

EP 


Pitot 

EPT 


Ice Detector 

EID 


Carburetor 

EC 


Engine Inlet 

El 

Fluid IFS 

Wing 

FIs' 


Windshield 

FW/S 


Horizontal Stabilizer 

FH 


Vertical Stabilizer 

R' 


Radome 

FR 


Propel ler 

pp 

'upora 

Windshield 

ww/s 


R SB, SB, 105 

Min; • >un'cv , C,inaJ;i;y '.'oleccn 
Sabre i ;:;e r 'Be i > > ' r C' i.t 


It can be noted in figure 12 that the ice protection system weight for 
jet aircraft does not change appreciably with aircraft sice/weight in the 
range of aircraft of interest in this study. The biggest scatter in ice 
protection system weight is for the smaller aircraft. This is due to the 
fact that there is a variation in tvpes of ice protection systems used, there 
is a variation in which components are provided with protection between types 
of aircraft, and variations due to the state-of-the art changes. 

For new ice protection systems, considerable weight savings are 
anticipated as well as great savings in power penalties. Reference 134 shows 
the following advantages of a microwave ice protection concept relative to 
an electrothermal concept for the same component: 

1. Power, 80 percent less. 

2. Weight, 1~ to 56 percent less. 

3. Ice detection is inherent in the microwave system. 

■t. Reduced complexity. 

5. Cost, 2" percent less. 

The latter two iteins require the proof that stems from a complete 
research and development program estimated to require about ^ to 3 years 
time. Maintainability, durabilitv, and adapt abilin-' all need to be proven as 
vet, with this svstem. 

.Another new ice protection svstem, the electroimpulse 
svstem, has also been shown to have considerable advantage over the electro- 
thermal system relative to weight and power penalties and other aspects as 
follows : 

1. Power, 90 percent less. 

2. Weight, .3 to 2.3 percent less. 

3. Cost, 29 percent less. 

4. Less cor 5 :!lex. 

5. SLcqMe :Todificat ion kits can be used for manv applicat ic'ns . 

llus svstem will require from three to four vears to develop l.n this 
countr'U So far, only the Russivins have .actually used Lhese svstems on air- 
craft. A t'-yical svstem ; reference 29' compares ,in electrotlieivnl .svstem 
with .an electro so svstem for doicinc power requirements. The electro- 
thermal svstem. uses 3.25 to 13.2 watts'in.- compared to ).21o to 'MP'; 
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watts/in. ^ for the electroinpulse system. The payoffs for the development of 
systems with this sort of power savings are obviously very good provided that 
the concepts are proven to be feasibly sound for fixed wing general aviation 
aircraft. 

MAINTEXAiN'CE 

In assessing the overall penalties associated with ice protection 
svsteras, the probability of failure and complexity of the systems mist be 
considered. The probability of hot air thermal systems failing is very 
small. Malfunctioning of the valves and associated controls are about the 
onlv possibility. Ihe electrothermal systems are nuch more complex with all 
of their contactors and controls, therefore, their failure is more probable. 
Electrothermal systems are more efficient generally, thus causing less power 
loss to the engine than the aerothermal systems. Maintenance is less on 
aerothenral systems, therefore, maintenance costs are less. However, the 
possibility of burnout arid damage to the electrical heating elements has not 
been completely eliminated by design as yet. .An excellent listing of ice 
nrotection svstem components showing mean time between failures CNrTBF') , mean 
time betiveen unscheduled replacements O-in.IR') , and corrective maintenance man 
hours iCAl that are at 90 percent confidence level (Cl) for windshield 
defogging/ anti- icing, wing and empennage anti-icing, empennage deicing, 
propeller deicing, and engine inlet anti- icing are contained in reference 
101. Lxanples of these data, sho^n here in tables JX through XVI, point 
out prcblem areas and places where improvements should be made with ice 
protection subsvstem components. 


Carburetor icing caused 5o0 general aviation accidents in a five year 
period [reference 1) with 40 fatalities, 160 injured, and 4" aircraft 
Jestroved. Some ol3 persons were exposed to death and injury and 315 
aircraft were J.imaged. Carburetor icing caused 44 accidents in 1966-6 time 
period preference 41. These statistics Lndlcate the seriousness of carbure- 
tor icing problems and their effects on aircraft safety. It also helps to 
emphasiie the requirement fcr continued research into the carburetor icing 
crcblem. .At nresent, research is continuing on the use cf fuel additives 
such as ethvlene cL^■CQL monGmcthvlether (laTEi for ice protection. The 
cf carburetor heat can caiLSO a 15 percent loss in newer in light air- 


craft, sc methccs ,c'.d ted'jiiques which do no 
■"in'cmm. ■'ower availabllitv of small aircraft 


extract from the 
.ire much needed. 


alreaJv 


Tl'.e wind.shield of .m aircraft may held a charge of several thous^ind 
volts relative to its mounting structure ^reference '2). The electrostatic 
charge can be induced onto the surface of the windshield by certain txres of 
rrecir itat ion Lncluding ice crvstals. If the windshield is provided with :in 
electricallv heated anti-icing svstem iconductive coating or wiresl it is 
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TABLE IX 

^tflNDSHIELD DEFOG/ ANTI - ICING RELIABILITY 


SUBSYSTEM; VTDIDSKISLD 

detogging/aoti-icing (electrical) 


>rTBM 

MTUR 

MMH/CA 

MTBF 

Component Description 

(Hr) 

(Hr) 

SOi Ct 

(Hr) 

Relay 

85,638 

256,916 

16.5 

513,832 

Rheostat 

126,458 

- 

1.0 

128,458 

Thermistor 

h,U 29 

- 

2.5 

4,429 

Transformer 

10,704 

32, U 4 

12.0 

64,329 

Control Bex 

1,735 

51,383 

3.1 

55,000 

Keating Element 

1,167 

- 

3.1 

100,000 

Other 

14,273 

- 

3.6 

14,273 

Subsystem Complete 

543 

l 8 , 5 lS 

6.0 

55,500 

Relay, High/Norm 

06,280 

320,936 

3.3 

Infin 

Control Bex 

5,542 

26,163 

2.8 

60,175 

Transformer 

35,397 

2 X, 5 S 5 

6.3 

601,755 

V 7 in ing 

6 ,656 

19,969 

5.5 

19,969 

Keating Element 

1,163 

74 , 46 S 

4.7 

Infin 

Subsystem Complete 

2,785 

10, 4 16 

4.5 

>14,492 

Switch 

6,656 

- 

13.3 

Infin 

Control Box (Side) 

19,969 

■30 orfl 
dr , rb'- 

7.6 

Infin 

Control Bex 

59,907 

- 

2.5 

Infin 

^Windshield) 
Xfmr. (Side) 

13,313 

39,933 

11-7 

39,938 

Xfhr . ( W Lndshield I 

19,969 

39,938 

10.1 

Infin 

Relay 

19,969 

- 

5-9 

xni* i.n 

Wiring '1 Connecters 

1,996 

- 

5-4 

Infin 

ether 

2 _o J 

19,969 

^ w 

Xx, . V 

1 

Sub System Complete 

l,CbC 

i 


9,- 

1 39,933 

'fTBM - :^.ean tine leti'.een naint 
j )rn!R - mean time between imsoh 

cnonce 

eduLed replacement 


j 'fT 3 F - me;.in time ‘tet’.veen iailu 
1 ’ F'"'' Uf - :tan-hours pc 

r correct 

ive action at Of'' 

j confidence 1 

eve L 
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T.A£L£ X 

WING/PtPENNAGB BLEED .AIR ANTI -ICING RELIASIU;^ 


SUBSYSTEM; 3LEE3 Al?. DI3TRISUTICN - a'I-'IG 
AliTI'ICI-IG AIID CTPEJJHAGE A^ITI-ICIX’G 


MT3M* 

Ccnponerit Description (Hr; 


x/nr^ro * g MTBF ' 

IhtT 9c!^5 Cl (Hr) 


Yalve -Isolation 


Valve -.Ant Ving 

h,7l4- 

Valve -Checlc 

17,713 

Valve Anti -Icing, 
2npennage 

3, +25 

Expansion Bellcw„ 

19,351 

Insulation Blanket 

3,171 


310 

T’ofcing 

h,75C 

Ccmpensator 

15, 

Subsystem Complete 

202 

Valve, Check 

137,5++ 

Valve, Wing Isolation 

2,107 

Valve, Mcd-ulating 

U.,6c9 

Sensor. Temp. Control 

30,234 


* See table IX for definitions. 
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* See table IX for definitions. 
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T.ABLE XIII ELECTRICAL PROPELLER DEICING RELIABILITY 


SUBSYSTEM: PROPELLER, A 21 TI -TORQUE AIID DEICING 

SYSTEM (ELECTRICAL) 

Component Description 

MTBM* 

(Hr) 

MIUR* 

(Hr) 

mmh/ca* 

s 

90 % Cl 

MTBf * 
(Hr) 

Element Assy., Nose 



1.0 

Infin 

Heater Assy. , CuYf 



1.0 

Infin 

Element -Heater, 
Spinner 

13,351 

128,458 

4.3 

Infin 

Control Panel 

64,229 

- 

2.0 

140,658 

Transformer 

128,458 


2.0 

Infin 

Relay 

856,386 


7.6 . 

Infin 

Timer 

64,229 


2.2 

35,164 

Boot - Blade 

5,677 

293,618 

5.9 

Infin 

Subsystem Complete 

3,584 

90 , 9 C 0 

3.3 

28,131 


* See table IX for definitions. 
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LVBLE \T PNHIMATrC R-WE .Wri-iaNr. Ri'lIABILnT 



* See table IX for definitions. 

















PO'^siblc that the windshieU wUl act a.s a tw pUte capacitoi >.onne<.t.a to 
the“EX.^x’r suppIv. It there ’5 sufticient static charge, the resistcmce to 
current tloiv mav breakdo^it and the cMrge will be discharged into tae .n.i 
craft electrical svste:a bv wav of the windshield heating eleirent connectors, 
causing a failure. It is possible to reproduce this comi^Lete electrical 
phenomeiui in the lalxiratcn- icing research tunnel at modest co^s. 
in this area is reconttiended in order to leant more about the ‘mechanics ct 
windshield electrificat ion bv ice cn’stals. 

Current solutions to the problem have been through the use of .mti- 
static coatings, which are metal oxides, .md the use of suppression devices 
such .IS iir cored diokes . capacitors, .md resistors. Ilie cJiokes arc not easx 
to mstalL md are often omitted which shortens windshield service lue, 
thtwcet LCu llv , 

Icing of the flight control surfaces ex]vised to direct impingement ot ^ 
water droplets or to nmback ice c.m impose a severe safetv prol^lem it c:m'tul 
Joslcn consideration has not been given to such possibilities during t!ie 
ccnceptvcil ..iesign stages of the aircraft, ihie examj^le is in the design ot 
elevator b.ilmce horn.s. Ice accretion on the leading edges et the aonis 
prevent further u|'< or down movement of the elevators, with possible di>.istei • 
eus results. Comon design practice has been to le.ivc ,i -^ubst.mt i.il p.-ap 
•potween the fixed .md iixivoaMc part> of the horiiontal st.ibiliter in the 
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T.ABLE \TII 

M\TRIX OF CCtPQNTINTS V5 a\TA Lm' HTE 



T.AELE X\1 1 1 

MATRIX QF CCMPgOTS \’S DATA B.-\SE/FACILm’ HTE 


OBJECTR'ES OF TESTS: 

1. Nature 5 Extent 
of Icing 

2. IPS Performance 

3. VC Performance 
Penalties 

DATA BASE/FACILITt' TtTE 

Z 

“ 2 

1 
L14 o 

C! —2 

p 

5 

2 

S 

G 

'M 

U) 

i 

1 

>- 

In 

i 

!n 

>- 

cn 

>- 

1 

c 

z 

i 

c 

r*^ 



g 

£ 

z 

I 

8 

3' 

i 

c 

r- 

5 S 

Hr 

§ 

C 

. 

1 

!> 

i 

In 

< 

COMPONE'V 

— ' ■V'' 

pr 

-- >w 

TUToCTRCT 











Main Inlet 

X 


.X 


X 

0 

X 




Nose Caps 

X 


X 


X 

X"; 





Inlet Ciude Wnes 

X 


X 


X 

Li 

X 




Rotor Blades 



X 


X 

0 

X 



1 

Frame Stmts 



X 


X 

0 





rarti.de Separators 

N 


X 


X 

0 




1 

Screens 

X 


0 


X 





1 

Pull hVopellers 



0 


X 






Pash Propellers 



0 


X 






Engine Cov.1 uvg 



0 


X 


X 




PISTON EMM NTS 









> - 1 

1 1 

Carburetor 

X 

X 

X 

X 

0 




X 

X ' 

Pall rrc-reller,s 



c 

X 

0 





i 

Paslt Propellers 




X 

0 





' 

Engine Cowling 



x" 

X 







■VINCS 











Swonr .-^t ral ght 

X 

X 

X 

X 

a 

V... 


X, 

X 



Ai lerons 

X 


X 








Flaps 

X 


■> 

V. 


, ^ 


X 




Slat.s 

X 


X 


0 


p 

X 



lots 

X 


0 


X 


X 




Font os '.'ortex Con. 

X 


X 


X 


0 

X 



C.mard 

X 


X 


X 


p 

X 

X 




’ - rrir.jn- ?at,i i'.iso 
\ - r^ir:i Ti>o Tor.tr ’.'"■iit.-'r 
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T.\BLE XIX 

MATRIX OF COMPONENTS VS Q\TA l^-XSE/FACILITY TYPE 



OPERATIONAL EXPERIENCn 












on tiie aercxi>TuiJiiic characteristics of the 


4. Effects of ice accretion on tiie aerod>’namic characteristics oi 
components . 

The last .tem [4) is also discussed in the previous section which 
assesses the available informtion on aircraft penalties due to ice aecretio 
on unheated surfaces or aircraft penalties due to the energv' and weight 
requirements of the ice protection systems provided. 

The data base associated primarily with ice accretion is also the sub- 
iect of the section on ice accretion site and shape. 

DROPLET CCLLECnCN EFFTCIEN'CIES 

The collection efficiency, Em. i5 defined ^.from reference 105) as the 
ratio of the actual water impingement streain tube thickness to the na.'cimum 
value that could occur ^straight line trajectories) Ihe actual water 
impLngement stream tube thickness 0'^ determined from the ditterence 
bUeen the starting Y-value. ,YIu and YIl) of the narrtele tra,ec orte. hat 
are tangent to the upper i5u) and lower iSp) body surtace, respectuelt twee 
fig’ure 13). The straight line trajectories iveir.' !leav^' drops) stream tube 
thickness is merelv the projected height of the body. 

Ven- little quantitative experimental data, with regard to droplet 
.-ollection etficiencv. h.is ever been oicqui red withanv facilitv other th^ 

Lcir.c research' tunanel . TTie luioritv of thus data, as tar as the data taat 
are nubli.-hed is concerned, were obtained bv work accomplished m the o tt x 
9 ft’ :RT at VdA Lewis Research Center, .^lantitative data on collection^ 
effiencv have been obtained with muiticvl inder instramenrat ion during 
in'na-ural icing which have been used manv tbr.cs to confirm the theoretical 
collection efficiencies for cvlmders. In a similar fashion, collection 
e-'ficiencio-^ on other conventional baiv shapes (spheres, ellipsouis. i.e., 
bodies of rei-Dlution' have been determined, but not to _the s.ime extent as 
wi^h the cvlinJer. Ciiant itat ive data on collection efficiencv tor airtoiU 
from flight in natural ice is extrcmelv difficult to obtain, so consequent Iv . 
little is in existence. 

Collection efficiencv is a function of tlight speed, droplet^site, bodv 
geomem-, ambient teirperature, and pressure. In the literature, cm. ^ 

versus various .1 imons lonless par;imeters . but most generallv it -.s 
oo^^e’lated i^ith'the dimensionless midifieii inert ii parameter Ibic uso of 

this :\ir;Lmetor results in essentiallv a single valued cui-ve ot i>j versus ^ 

for'boaies oVtbe s.ime gecmetrioal shape. The error involved in the use ot the 


parxmete; 
.md bodies. 


torrelat : 


■'u\ 


IS 


less r.hwin tld percent for most airtoi 


fiU' th.e no irnia I range o: 


...ht conditions 


. roferenoe IT 


An exos 


a ISC us Sion i 


mental .iata on effio’.onov 


re ferences 


I 'l. I '5. and 154 . 


■i a comrarison between tb.eoretioal .md expert - 
catch -rav be found in the bibl logranhv 

lese references sicrrarite exp-'erimentai wl.Ua 
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Largely obtained in icing tests conducted bv the NACA during the 1950 's Ln 
the 0 ft X 9 ft IRT at N.ASA LeRC. 


I 


I 

lb 


Many investigators solved the rater drop trajectory^ equations and 
determined the impingement limits and the collection efficiencies for a 
variety of airfoil shapes. It ras found that the accuracy of their solutions 
was very' much dependent on how accurately they could predict the flow field. 
For Joukowshi, airfoils, cy'linders, ellipses, and spheres, exact potential 
flow solutions exist and the agreement between analyst ical and experimental 
data is good. However, a great majority of practical airfoils do not have 
exact potential f ' ow solutions, and the agreement between anal^'tical and 
experimental data was not as good, indicating that water catch calculations 
are verv sensitive to the airflow field. 

Computerited techniques are utiliied for solving the water drop 
trajectories equations for reasonablv shaped, 2-D and s’.vept airfoils, and 
axisymmetric engine inlets at angles of attack. Thev solve the water droplet 
trajectory equations by a numerical technique and then use the water drop 
trajector:' residts to calculate the water catch data; L.e., local efficiency' 
distr ibut ions , local water catc.h distribution, impingement limits, total 
collection etficiencv, and the total water catch. Tliese methods outrut all 
or tne water catch data discussed above, given the body' coordinates, angle of 
attack, tree-stre;Lm velocitv, altitude, free-stream temperature, chord length, 
thickness of the bodv. droplet size, and liquid water content. 


Man;.' respondents to the sur^.ev quest ionnai.-- : indicated that thev use 
computer tec.hniques to solve the droplet traiect 'rw equations and for 
Mibsequent calculations including collection etficiencv. The computer 
programs, alt.nough similar in nnction, are generallv proprietan' to tiie 
inuivicual ccnjuinies. In other inst.ir.ces, some respondents indicate t.hat 
thev use the techniques of .-VDS-i with c.harts and curves of data to simplifv 
hand caiculat ions . Manv indicated tint .ATS- 4 should he updated to include 
■.aanv new airtoils desigr.ed Ln recent years. Tlie collection efficienc^• versus 
iy> tor the new airroils calculated by coitputer xnalvsis .md backed bv icing 
tunnel test data is a much needed improvement to the d.ita base. 


Techniques are also required for the experiiienra 1 determ.Lnation of 
uroplet collection emciencv c.h.inge as ice accretes on .in airfoil or ot.her 
’'odv configur.ition. Some atte:mpts at correlating actual ice accretion with 
th.eoret '.c.ii accretion was accom’'! is.aea in XACA FN 4151, but more effort is 
leu.ui’.eu >ince a., ot t.’iis work was on _’u.<t one airtoil at various angles of 
att.ick. .Also, t.".is work was on .m uns-wept airtoil. Veri’ little .lata .tf the 
:>v:io tm-e are .ivaiiable .,mi swept airfoil conf igurat ions in the publisncd 
literature. 




ICE ACCRETION SIZE .AND SHAPE 


J 


Ice accretion will occur on any object (ice sensitive component! moving 
through a cloud when the temperature is below freezing. 

The rate of ice buildup will v’ary with the following; 

1. The water density of the cloud, i.e., liquid water content [LWC) . 

2. The velocity of the object with respect to the air. 

3. The site and shape of the object (component). 

4. The temperature of the air and the temperature of the object/ 
component . 

5. IXiration of the encouitter. 

The shape and consisteno' of the ice buildup will vary witli the 
following: 

1. Temperature of the object (component), the cloud, and the water drop 
site. 


2. The velocttv of the object, as it affects the surface temperature 
(adiabatic temperature rise). 

3. Thickness ratio of the object Lcollection efficient^) and "sweep" 
with respect to tne free -stream. 

4. .\ngle of attack of the object. 


Ice shapes are generally classified as glate (mushroom! , intermediate, 
and rime. A correlation of ice shape in terms of liquid water content, 
.ambient temperature. ;ind flight speed was developed by Tom Dickey using the 
"freetuag fraction” concept developed bv Messenger. A general discussion of 
the correlation for ice shape is found in reference 1Q5. In general terms, 
it con be stated that rime ice is likely to occur at total air temperatures 


of about 10‘'E and below, while glate ice usualiv occurs at total temperatures 
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e .It the .stagnation region .md milkv white ’hme ice 

cretior. site ,ind share has never been experi- 
full range of values for the associated pa r;Lme t e r.-:: . 
nisr-.ber of piiotograrhs cf ice shapes on imihcared 
are available in the literature, veI-^• few cross 


sect ions 


:e are shown, or critical dvmt'nsicns given. Rime icc fotmis 



a .ar.er that ts 

on impact and the rate ot s™«h t» -^e Sate ice exhibits the 

does not alter the now £^1^ significmtlv f stagnation 

onical "double horn" shape that res ^ p„dict and the growth 

ntnl in": SieTe - -Id ™ *m,. 

On highly swept airfoils, glaze ice tends to fora ^ niobster tails." 

discontinued cusps (cup shapes), conditions all around, 

n.ese shapes are repeatable for tests for 

sS^'^thls^vpe Of ice configuration. 

Ihre ice accretion infomation available from published data 

mining the ice is applicable in^dJes contain a discussion 

attack, tor the mo^t part. Ho e , hv the FAA and conducted in 

f rj?lR"b?arbIsic r/e secretion and ice shedding data 

on r.-pical jet transport swept airfoils. 

-P accretion tests were conducted on two swept airfoil sections 
repre;):trtlvro?thr inboard outboard ^ j g,3 

i— 

theore.iuwi.^ water g -haract-ristics xid test data were toimd 

(Sle'C Si)ed puSl'rshed'data which rnclude N.1C-V ^ nil ar.d NgdA 

D-:io6. 


Although this worn was conducted for large transport aircraft wing 
-n-fons the techjiolog-c is applicabio to general aviation anu li.yt tra - 
^Irt 'aCcraf ‘ Tiie empirical relationships developed which correla e 

lurt '“ppy' „ ■ tgj „ith theoretical impingenen; parameters aic not 

measured ^ although tiie complex fends 0 , 

((niflilai"; atele»!^::•accrenon rel«ionshin with other aarfoil 

shares ..involving comber, angle ot atwUck, etc.i. 

£i-ure r-search is reouirec to obtain the san'iC t%Te of data on mnnv 
other' f"oi(;' and bcir shapes to update the United data nase which exists 

at the present 
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Photographs and qualitative data have been obtained over the years for 
ice accretion tests utilicing aircraft aying in natural icing conditions, 
aircraft flving behind tanker aircraft, and for full scale an^ subscale 
models in icing wind tunr.els. Quantitative data, to a limited extent, were 
obtained by spkially equipped aircraft with instrumented airfoil shapes 
extending vertically from the fuselage section of the aircraft U*s-> 

Canadian "ice wagon" and USAF B-24 test aircraft). These aircraft were flown 
in natural icing conditions. Considerable data in natural icing conditio 
related to ice accretion were obtained with multiple cylinders in or er 
relate the airfoil catch characteristics with the multiple cylinder accretion 
characteristics. However, the bulk of the published quantitative data on 
ice accretion on airfoils and all other body shapes tested have been 
obtained from icing wind tunnel tests. 


E 


ICE SHEDDING 

Ice shedding from aircraft components on which ice has been accreted is 
a function of manv, many variables and sometimes occurs in a totally random 
fashion Ice shedding is some function of the shape or configuration of tne 
bodv or airfoil to which the ice has adhered. It is a function of t.ne t^^e 
and Shane of ice, which in turn, is a function of temperature, LW^. droplet 
sice, airstream velocity, and duration of e.xposure. The angle of attack and 
the ^-eep angle plav an extensive role in both the shape and si • ' of the ice 
accretion. .W discussion of ice shedding must necessarily address ice shed 
from -unprotected surfaces, passivelv protected surfaces, and surfaces 
protected with active ice protection svstems. 

"or those surfaces whidi are unprotected, the accreted ice or some 
portion of it will shed for the following reasons: 

1. Some nortion of the ice buildup is weaker than the aerodynamie 
forces acting upon it. 

2. Natural flexing and/or vibration of the ice accreted surface is 
sufficient to break the bond with the ice. 

3. The aircraft, due to acceleration, altitude change, or meteorologi- 
cal c.hanges, flies into an area where the air tei^erature and 
subseauent component surface temperature reach 3.®F or above. 

For those surfaces which are passively protected bv aavmg a surface 
which either has an icephobic rmiterial covering it, or itself is icephobic 
in nature, the ice will shed for the same reasons given in the previous 
-ai a'^-^^arh. Tlie main difference is that the ice will probaolv shed cetore is. 
builds to the same si:e, because the adhesive forces are ,m,.cn ie^.s, t.nus 
requiring less aercd^T,a^.ic force for ice removal. 
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s« pcruo^'of th; .ce will .hed for the following reasons: 

1 r e bond between the ice and the surface Is disturbed by mechanically 
• changing the surface vtbratmg it or e^antog at ^ 
pneumatic boots. AeTod>Tiamic forces assist in me lu 

the ice. 

2. The layer of ice being brittle, fractures due to vibration or change 
in surface area. 

lurfarirre » :rcefd^3?r:y^:~::?i^^-te“^^ 

the ice adhesion. ,\erod>namic forces then rei;«ve the ice. 

"“t Ti^I^^irfic^iSv JSt^^^icSlfraatS Ihe 

SontiAf r d;tror^info™ticn is related to 

“eTingTlorwhS wS ?enftr"ed: “«t“gTr Ue '' 

rar^r'I^^ar^n^d A'icini Sd^lSu^' ^Ue^^iotltv of the testing 
for uhich quantitative data have been obtained nas been tv tanker we. 
and from icing wind tunnel tests. 

ge-'erence 111 contains a discussion of a Boeing Aitcraft Conpany metW 
nV -tt'rulatirf- the airfoii/ice Lnterface temperature and prediCwing wlie tu, 
ihi hISe tee Will shed. This method was developed 
ttncT ii-a in -oniunctior with a heat transrer analvsis. The ice .neaauig 
a’LfaUcn nroSSre wns demonstrated and shown to be ccnsem^tive rem 
nmSaf i-W. flight test data. Subsequently, a computer Program was 

developed'' bv%he Boeing .Aircraft Companv to compute the leadung ^ge .. 
ae.tiopeu j. ^ ft accreted cn 'inheated airtcil surfaces. This program 

r;?r,Si"r^iird “I;m id calculated transient temt-mture profiles (reference 

last the altitudes at which shedding would occur during a des^en . 

ice sheduing characteristics are of interest ^ 
frequenev ^ iJe’ protection diie to the 

wind, 'or aft-momted 

. ■ ‘ O'-' the airc-paft are required. Reterence 1-. J.sLjsst._ 

the tonvara ^ *^a-actories from the ■oTirrotectcd radome 

of'a vr^oi'i.'' uie result., matched rhebretical calculations . ^ 
simiiaritv .and scaling factor.? were used in the scale :iouel we= .. 
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Ice shed from the leading edges of the wings or tail in an unsymmetrical 
manner may cause aircraft control problems which could be hazardous if it 
occurred during landing. Testing of such a situation is extremely difficult 
or impossible in natural ice, but can be simulated with tanker tests, dry air 
tests with simulated ice shapes, or in large icing wind tunnels such as the 
NASA .Altitude Wind Tunnel (AWT] , after the planned rehabilitation is 
completed. 

There is very little published data on ice shedding including the 
conditicns for shedding, ice fragment sites, and the trajectories of the 
fragments. Although the effects of ice shedding can be different for each 
aircraft, depending on its design configuration, there is a re<^uirement for 
more research to build up the experimental data base of general infonration 
on these factors . There is a need for expanding methods for deteTmining ice 
shedding characteristics for straight and swept airfoils and other ix)dy 
shapes based on the various types of accreted ice, including the max.imum and 
average site of the ice fragments. Theoretical methods for determining 
trajectories and impact velocities of shed ice are required which can accdjnt 
for the shape and site of the ice fragments. 

EFFECTS OF ICE .iCCRETICN CN THE .AEROD^m^IIC CHAR.\CrERI.STICS 
OF TI C COI'PON’E.NTS 

The experimental data base for the effects of ice accretion on the aero- 
i^T;amic characteristics of comrjonents comes largely from wind tunnel tests. 
Simulated ice shapes determined from ice accreted during icing wind tunnel 
tests are used In dry air wind tunnel tests for measuring changes u\ lift, 
drag, and pitching moments on the airfoil or body configuration. In this 
manner quantitative data may be obtained readily without the difficulties 
involved with below freezing temperatures for the experimenters and other 
such problems as -unexpected ice sheddiig or melting, etc. 

lijiantitative Anta from flight tests in natural icing cop.ditions or 
thinker tests other than increased angle of attack, increased poh'er to main- 
tain altitude, and mach number, are relatively impossible to obtain, 
ijualitative data on handling and control characteristics are obtaiicd with 
flight test.s in natural icing conditicns or tanker tests. This type of data 
could be obtained for small aircraft in a large wind tunnel such as the -XAT 
under .simulated conditions. 

Tlie effects cf ice accretion on an aircraft is to increase dr.ag, reduce 
wing stalling angle and maximum Lift coefficient, and create adverse pitching 
moments. The 'upper horn of a glate ice acts as a spoiler to destrov the 
smooth flow over the upper surface of the 'wing, causing premat'ure stall. Th.e 
lower hern sem'cs to increase the drag. 
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A recent surv'ey (19?9) of the state-of-the-art in aerodynamic penalty 
prediction was made by the Air Force Flight Dynamics Laboratory and referred 
to in a technical memorandum [reference 125) on Air Force aircraft icing 
needs. The following conclusions were made: 

1 At present, there are no theoretical methods available that can bo 
used to provide numerical lift and drag increment values. There has 
never been any attempt made in the past to develop the capability 
from a purely theoretical standpoint, 

2. Most of the existing methods are empirical and are based on \ery 
limited test data. Drag estimates for other airfoils are 
extrapolated from these data and the accuracy/ of the results are 
unproven. 

3 There are numerous references available on t.ne subject of the 

methods of calculating water droplet trajectories relative to aero - 
d'vTianic bodies and to determine impingement limits and distribution. 
There are only very limited attempts to directly relate meteoro- 
logical data to drag or lift increment numbers. No attempts were 
made to understand the exact manner in which the ice ^ows and to 
develop a decailed geometry description. The capability exists to 
estijTiate the rate of water catch (Ibs/hr/ft of span) on a giien 
exposed surface. 

.-XSSfSSMENT OF THE ICE ACCRETION FRhClCTION NETHODS (TASK 5) 


A\UYTIC\L PREDICTION NETHCDS 

The vast naioritv of work on icing statistics and ice accretion predic- 
tion was ccnduct?d during the late 1940's and 1950's by the NACA. Most of 
this material has already been reinewed and summarised as a result of 
Federal Aviation Agency study and published in their report .ADS-4 i, reference 
1051 in March L9b4. 

Only a limited a.mounr of work has been done since the publication of 
ADS-4 that is available to the public. .A substantial portion of this most 
recent ’.^■ork is contained within the reports called out in the bibliography 
.md reference list or .\p!''onui.x A. 


Th.e analvsis methods in use todav are chietDv based on the above- 
mentioned N.ACA icing research conducted ander natural icing conditions over a 
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■me earlv work performed by speciallv equipped research aircraft 
using rotating milticylinders to measure icing intensit^■ . Uter data were 
obtained bv mounting icing rate meters on commercial and militan' aircratt 
thus obtaining icing data related to routine flight operations. Tliese d.ita 
torn the major part' of icing statistical data that are still in use today. 

The validity of these statistical data, having been recorded more than 
30 years ago. have bee.a questioned many times in recent years. ^Kcept ter a 
few" instances, the XACV data bnve stood the test of time and are i-biH 
considered valid, .^sc , the European and Russian data discussed in reterenc 
Ur verify the >*AC-\ statistical data. However, the tine test awaits the time 
when new uisticimentation is developed and uciliced in real time with 
continuous readout, thus providing a much more con^lete picture ot eao)i 
icing penetration made for statistical model verification. 

The si-e and shape of an ice accretion are functions of the airfoil or 
compenent shape, flight speed. :inglc of attack, altitude, comtior.ent sur race 
t eirn^e rat lire , ,ind properties of the icing cloud in terms of Iiqui wats.r 
content , drop sice, temi^erattire of the air, and horicontal and, or 

vertical extent. 

'Section II of \r6-4. presents a suTmar^- of droplet imiiingement ^lata. 

TIiese\luta and the icing cloud cata of section I of the repx^rt c;in be used to 

deteraine rates of water catch and nminngemont limits tor specitic tiigtit 

conditions a.nd airfoil or component geometi^'. Tlie data are presented in 
correlated foi-m in a scries of graphs . Knowing the airfoil, tlight speed, 
altitude, temperature, viroplet sice, LiU.., .md .ingle of attai-k, ...il ware, 

'_atcli aixi i:-:pingemont limits can be approximated from the various grajMis. 
riio data are cLaimed to be generally accurate witiun tld percent iretereiKO 
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:iircr:u't corip-utio? .uul lovcnu'iont aj’eut-U'S have.' developed ^.omputoi 
eodes to t'redict vator catei'. and iaiinn>ie™nt limits tor air toils ;iiia other 
i'odv -;hatie>^. Hie adwuitaee ot‘ those proj^r.ims is that once developed. the\ 
o.m input .mv l-dunension^H bodv shape lairtoill into the pro^nmi a 

v^Lven set or X, Y coordinates. Tlien throui^h the use ot a potential flow 
field pro>-r;uii .md the resultant phvsicaL flow data, .in input to a drool ’t 
traiector^- piv^cram is made. Ultinvately, the projtram outputs water c.itch 
characteristic's, the upper and lower .airfoill impin^einent limits,^ etticienc'. 
of catch Lbv whatever definition is usedl , and sometimes the modiiied 
parameter, K^- 


Some of the known computer proj;r:ims related to ice accretion .irwi i>-inj’ 
teclinolopv in >:eneral are as tollows: 


1. Rockwell proprietatw- prov;rajii do. aneiited in a raree \-oUune icpoiL, 

X-\--:-8d9. 


Vol. I A computer propiMiii th.it sets up on-hodv ;iJid oft -bodv 
points for icinc .uvilvsis. 


Vo' . II Application of t’le IV'u^las Neiumum computer program to 
deternino tiio flow field aroiuid a two-dimensional bodv tor iciiip 
.males is. 


\'ol. HI A oomputer program th.it caUvil.ites rlie tlieoretical initial 
vMtcii cli.iracter 1 st ios of .i two-dicicns lon.il Ixwlv , 


1. X.\.c.\ rrocurod or pi .mnevl cor, purer codes. 


A.itor drorlet tra-ectories for water oatch rates .md impinyervnt 
lim.its on; 


1 l.iftinji Ikod.ies fwincs, ’.ills. Inlets'^ 

t-P i iftiuc Ikxlies .hmes, l.iils. fusel. ipel 
' A Nonliitin^ ikxlios H''sel.io.e' 

A.c isMunet r ic i uv’.ine Inlet s .it .Viiw^les oi .\tt.ick 


ste.idv st.ite he.it tr.insfer for .mt i icinw: ,m.uv<;s. 

Ice .iccretu'u so.ielin,: on wi:'.-,;s, inlet-;, .md rotors. 

■prevl ct ren of lere '■ •uimic pen.i'. tios due to me ,icc ret i.'u . 


■' or, t !UMt i 'r * '• * i 
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Kev Industries Corporation proprietarv' programs ”PCT/' defines this 
flow field ahead of and around two-dimensional or axis>inmetric 
inodels . 


’'DROP,” utilises the flow field generated by program ’•POT" to 
cornpute inode 1 impingenient limits and water loading. 

4 -Ur Force Flight Dynamics Laboratorv- program. .^EROKI 

A coinputer program which evaluates tne aerod>aianuc penalty 

due to icing. 

5. A two dimensional paiticle traiecto-n' computer program written by 
BceLng Militan- .Airplane Co. , Kansas for die Bureau ot Naval 
Weapon.-;, 9 March I9o5. 

Re^erence 115 discusses manv of the general needs for icing researdi as 
well as the specific needs of the U. S. .Air Force. d*he need tor extending 
the existing methods of calculating the impingement distribution on aero- 
dxramic bodies and the problems with theoretical methods are given as 
follows: 


1. Exact geometric shapes are difficult to define for some components. 

Full potential flow equations are nonlinear and c,innot vet be solved. 

B. Li^isting Unearned equations are not applicable to the leading 
edges . 

4. l1ie solution is accurate for onlv one instiint of time. 


Existing aerodiTLomic preiiiction codes require a knowledge ct the bod> 
contour in order to applv the proper boundar>- conditions. In addition, the 
geometn- [.surface coordinates. car.ber shape, leading edge radius! must remain 
fixed during t.he duration of the flow. Tluis, a theoretical aprroai.h i;> 
complicated bv the f:ict that the geomotr>- of .in iced a in oil coiit inuoiisl v 
changes with the duration of the exposure .uid the calculated Int or drag 
values are true tor onlv one inst.int of time. 


.Vnother f.ictor th.at cor.pl icates t.io use 


of .inalvtical rrietnoiis at th.i: 

tine IS the nature of the equations of notion .ind our present carabilit'.' 
solve* t!'.e:'u Fliis prcblcn is true across the entire speotrmn of aercdniam 
research.. Vh.e full potential cqiuitions for Inviscid llow and the rail 
Navior-.'^tokes equations for viscous flew are Kigiilv nonlinear and without 
intfoduct ion of sut^'l i fving assiim''t ions , these eiacitions cannot %et be 
solved. E,\’-snng production f~o conuter codes rei'-' on the linearneo. : 
o *' f'eso O'.niat i .-^ns , Tlie nrccess ot 1 inearic.it ion i.itrocuc 
the aon I ic.ibi 1 1 tv of tlie prog’-rms. For ex.nj^lo, tor invis 
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velocity to the free-stream velocity is considerably less than one. Exanina 
tion of this boundar>' condition shows that it Joes not apply in the region 
close to the airfoil leading edge, where we are primarily interested in an 
icing investigation. 


LXFERI^E-^T.^L PREDICTION lETHODS 

There are basically four methods of testing aircraft and^ aircraft 
components for ice accretion and icing effects. These are icing tests in 
natural icing conditions, icing tests behind a tanker aircraft, icing tests 
in icing wind tunnels, and tests using ground spray systems. Two kinds of 
tests accomplished in icing wind tunnels are full scale model tests and sub- 
scale model tests. 

Current prediction methods for ice accretion are ILmited due to the 
difficulties caused by a limited data base, uncertain accuracy, two- 
dimensional analvsis, and uncertain effect of the fuselage nacelles and 
finite span of the airfoils. .Ml of these difficulties limit the choice to 
experimen'cal empirical methods. This approach seems to provide the only 
rcssible answer’ to t.he prediction problem at the present time. In order to 
enh.ance the lev(?l of confidence, the current data base must be e.xpanded. A 
sv 5 tematic investigation of airfoils of dirferent thicknesses mast be made 
to Lmprove the accuracv of the resulting empirical equations and to avoid 
genera 1 1 :ed extrapoLat ions , 

The ex-per Lmental methods also have their own problems that must be 
resolved before ^lnv !ue:ining fal tunnel and flignt test data correlation 
possible. .Among the immediate requirements reference 1^51 are the 
following: 


Fullv instnmented tiumei capable of controlling the icing param- 
eters .ind closelv sLmulating the flight icing conditions. It is 
often difficult to estimate aerod\Tiainic penalties in icing 
condit ions different from tliose specifically investigated for a 
particular airfoil. .An accurate control of the parameters in the 
tunnel mav provide greater tlexibility in simulating different 
flight conditions. 


.hder stand ing of the effects ot scaling. Manv of the current avai.- 
able data are ba.sed on fall scale airfoil tests, ihough this 
approach .^im^ilifies the problem, full scale testing is not aLwa^■^ 
;x^ssihle. particularlv for complete aircraft conf ig\:rat ions . if a 
smaller scale :ncdel is to be tested, the icing par;tmeters m:iv also 
have to he scaled in so:v.e maiiner. .-^n imrortvint uuostion is whoth.or 
the ice geometr.' obtained in the tamel will he identical to t:ie 
goom.etrx' in flight if the metecrological pararieters are the s.une 


under.it.ind ing 


.IS possible. "Tils ag:iin points out tne necessitv 
ho ir.innor in which ice huilds up on a surt.ice. 
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I>_ing tests in natural icine conditions are in rhon t 

CO the deei^, extremes. .Also, detemiitation of the characterisUcs of tS 
toing conditions encountered (UvC. drop size, etc.) is extreLIf f fft Vr 

SgS'afi"t'Sr:o-f‘1’ "T"‘ dubious' value wta 

■■Flight Testing in Dr.- Air and Icing Qoudf f f reS^^f P"P" 

tests have been emploved in the past The 

fvf rifsp” ::e^! Sf te^r^f j:r^d Se" 

p?obIems*assocf;fd^u?;^'ifLfuT"r i-: 

ettects caused bv the spray rig. ® ^ turbiuence 

^-eates "itih snrav noccles 

portions or ^be Entire a^Jcraf^ "c ''T 
IS not large enough to em-elor^.he enH?e"aircrar ’ rl'' 
in its usefulness and accurao'. in thit it^ is 

design conditions and to accuratelv neasur- the -n^nS^ ■ ^'^tual 

in a snrav rig. In nvanv -•■oo” a ' '-onditions tnat are produced 

representative of those encount'rei ^i-Ss produced are excessive and not 
tile t.ini<er is tu-buien^ due m conditions. The cloud behLnd 

Research testst ve ef n SnSc id fffS -"-If- 

droplet site --ron tanke^- sort .tt to ti^- to bring the 

h,,f irituout m line with desired design limits 

-.*t.,.out ^oiapleLe success (reference 611. * u<-s, 

Icing wind fuinncl testi.ne has he.=n Tni -r-n u 
determining ice accretion rates' imd^Ses 

rara.meteri ra.". he c.irefullv -ontroI-.J ' 1 ",F I'-tbR cm ironment and flight 

to be ootai.hed at f ^ "‘'h'* “ '» P'™' d-lA 

con be obtained for onv lir-bil' sliv ’■ FFb''‘tcu, m this »ay, complete data 
into the Partiri ir ff' t pifi -’’T'-"'' '-'■'-Pen™ t.hat -..ill fit 

he turne'; and the si^ ol Pe "-'■IT, ‘FFFefore. is the st:e of 

uraiels are atmospher i rdP'fSP iFing 

conditions, ilt.hough this f ft “P 'f:.!',’'''."”"'’' duplicate alrit-ude 
iri.-.o te.stir.o -ha: ' is doie ' l P . 1 t 1 ','! I --FF'-'tAnt toctor in -iieb -f the 
we rroteetion fAV4f Ibfi .fi'' bbmficant effect for 

affected bv densitv chanP' ' ' ' ••>“' d»<-.f • ic ients are 




mere are several of jrcur.d spray 

tests with iet enguies, fixed wing aircra , engines) or 

svstems are eirher risht at ^ound le«l helicopters. 

iTiounted in a tower tor crmniLe irround fog tvpe conditions for 

Mac, these clouds can be^sed^o fhe seasonal lo« 

fLxed wing aircraft. conditions necessary for icing tests, 

temperatures to produce '>o'-° - ® jjfficult to produce and are often 

S:dt1™,iSon"wSh^riarr.an-M^^^^^^^^^ 

conditions . 

The general literature contains very li«le da» mt^regard “ ^1-8 
parameter! relating the similarity be^een a scale ^del and mil 
pTCtot>Te (aircraft or component) witli respect to ic g. 

Reference 91 mtroduces the fun.iair.ent^ Sf bnSfsfS t3!r to 
simalarity between model and protcw whi^ ,^t ^ 

=i),rs“S “ 

follows : 

1. The ^cel is tested at -^»;“tgfirruLtaS“Ss Sli^C^tiga 
temperauare_i^^ci^e^^ai^^^^ eo^uai to tunnel altitudes. 


t ions 


;. Tae heat transfer rate on the taodei is the s,iir,e as on the ptotor.Tie. 
" ra^^lcf a^-ri (hmLersIn'a! l^li^S^smlce as 

ESkr: .r^ncr^uiiUi 

rela^mDifftmuce in site of the formation of prototype versus 
scale Tiodel. 

Reference at is ar. extension of the work .accomplished in reference lU 
.uid eluainates the model testing lumitations by two developmental 
approaches ; 

v,i a- e f-wwc*- mri-icinc models under conui 
maws aiinair-^ont ot variables cO tesc anti lci.i^ oic , ,, 

■■ .; :„:'wM!h iho^t for nearlv dU alritiiC. f - 

nav ratio between heat transfer rate or. the rtedel te .hat on .he 


nr' 


- . The adjustment o£ variables to test unheated models under conditions 
which allow ice accretion in the proper amount to produce a 
geometric distortion o£ the niodel proportional to that of the 
protot>'pe . 

Reference 130 describes the scale model testing at the French SI Modane 
Tunnel, The French have had excellent results with scale models down to 1/12 
scale when icing similitude laws were respected. Since it is not possible to 
vary the tunnel altitude or temperature at this wind tunnel, the prototype 
flight conditions of altitude and temperature have to match the tunnel 
available conditions. The SI ^bd3ne Tunnel uses the winter season low 
temperature conditions for icing tests. .\lso, it is an atmospheric t'\'pe 
tunnel. 


The operating parameters of the experimental facilities are given in the 
su-n'ey of aircraft icing simulation facilities in North .America and Europe, 
found in .Appendix E. The tables of data on the facilities contain not onlv 
the range of operating parameters, but the sice and location of the facili- 
ties as well. The txpes of facilities are defined in sketches accompanving 
the lists of f.icilities. 

Seme of t.’ie characteristics of the various test facilities selected from 
the lists, including icing parameter measuring' instnmentation, ranges .ind 
accuracv, ;md general test programs are discu.ssed below. 


Engine Test Faciliti 


In retercnce 13 , data are presented cpnceniing the Amold Engineering 
Fevelopment center i.-lEDCl with regard to aircraft engine testing in icing 
conditions. .-Ul instrumentation and data acquisition systems used by .-UIDC to 
document engine nerformance are described in the test faeroities hand- 
book. .-Ui transducer and svstem calibrations are trace.able to the National 
Bureau of St;mdards. Specialized mstromentat ion systems are used to measure 
the state of the icing cloud at the engine inlet. Heated total rei.ipevature 
.ir.d total pressure probes are installed iipstie.im of the engine inlets, 
lurbine flowmeters measure demineral i ted water flow race in sprav water 
svstems '.vhich dote:-mines water loadung of the icing cloud. .An in-linc 
.aolograrhv .svsten is used to determine three-dijnensional water droplet .Lira. 
p.irticLe size, p-roricle distribution .ind with double laser [nilso, rarticle 
velocit'-'. .Ac.iX, reels aolograrhv methods are superior to all others used for 
moasuruic droplc: and I'.VC data. 

In reference 21. other factors about the test instr.imentat ion used .it 
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•he inlet duct. Multiprobe pressure rake calibrates heated total pressure 
Electricallv heated temperature probes are calibrated to reasure 
S2t Mtll ^eraturc. Special portholes are provided for use m phcto- 
graphiag the inaccessible areas. Willbanl;s and Schul: of developed a 

Sth moLl of the inlet flow [themo and kinetic properties) to the engine 

test article. 

Engine icing reserach at .^DC has the following objectives: (1) to 

develop" iniproved measuring techniques for defining water droplet si-e, 

and velocity, and (2) to use the measuring techniques to obtain a data base 
for improving the analnical model. The program as ot 19/8 was divided 

into four phases: 

1. Development of an icing research test cell. 

2 . survey of available particle sice instrumentation systems. 

3. Selection of the devices which might meet the measurement 
requirements. 

1. Evaluation of the selected particle measurement devices in the 
icing research test cell. 

Onlv '.vork on the fourth phase continued after 19"8. The first three phases 
were completed earlier. 

The icing instrumentation survey looked for a particle diagnostic b\stem 
which orovMed the means to measure particle diameters in the range ot op to 
lOOu at concentrations up to bOO particies/cc, .Use, the svstem would meet 
the following reou.'.rements ; 

1. .\cquisition of data in real time, nearly. 

Continuous, in situ operation. 

3. konperturbing to the flow field. 

The four s'-'stems c.nosen were: 

L. Fiber-optics particle-siting svstem iTOTSSu 

2. Farticle- 'icing Interferometer iPST , developed at ,-VKDC. 

Part :.cle- s i t i.ng inter *:'er'^r;eter PSI'. cemme re la k Iv de'celcped. 

1. Rackscatter ing particle-siting svstem TdSPSSU 


In-line holocamera was selected as the baseline device for the experimental 
portion of the evaluation. 

Icing test measurement uncertainties t>-pical of icing tests at .\EDC test 
ceils are; 

P.ARA^ETER UNCERTALVIY, PERCENT 

Liquid Water Content, gms/m^ il5 

Mean Effective Droplet Diameter, 

Engine Face Temperature, ”K tl.2 

General Electric Engine Test Facilities 


Also from reference 15", the instrumentation used at the General 
Electric, Peebles, Ohio test facilities and comparative accuracies experi- 
enced with that instrumentation are discussed below. 

Real time measurement of both cloud 'iWC and drop site/distribution 
characteristics at the General Electric Peebles, Ohio Test Center Free Jet 
Engine Ground Test Facility was obtained from two laser driven spectrometers 
[Knollenberg probes') which were direct-ccnnected to on-line computers for 
^ata reduction and display". Water droplet si'es are also determined from 
lOOX photographs of an oil coated slide which is mounted to a retractable 
boom. Rotating oMinder systems are used to measure LWC ftwo c>-linders - 
5 in. diameter and 0.115 in. diameterl . With 35 data points, the spread in 
laser proce. oil slide, and rotating cviinder measurements of drop sice and 
LWC was as foilows: 


Liquid Water Content 
Droplet Sice 
Temperature 


0.1 gms/mc 
5-4 Microns 
0.: ^C 


In^the 10- 50u range, the uncorrectcd oil slide data are large bv i factor of 
l.S .agrees with .AEDC test data:. The causes of oil slide error are evapora- 
tion ct small drops, coalescence eitors. and impact errors . flatreningl . 
^iltiple cvlindcrs exiiibii run o.ff at high temperature and are' United 

to lower temi'cratures for accuracv. 

National Aeronautical Establishment Facilities 


* f'k * .*i 


werer 


on tain; 


discussion o: 


experiments in tiigiit com^ato. 
ic,jig .vLiu i-unnel testing at tne National Aeronautical Estahlis'nment 
Facilities in Canada. ^ 


.•:is rererencc concluded that natural id 


mg conditions 


are used little or no choice of the conditions of the test. In 

sirtulated icing, UVC, droplet sice, etc., cuii be changed or f 
the teraoerature and air velocity. In both cases measurement _o£ the icing _ 
parameters is difficult and inconvenient and are more expensive when done in 
an aircraft. Tests in tunnels have not as yet been able to reproduce the 
higher speed, low turbulence levels, and natural humidity conditioi^. In 
the wind tunnel, due to turbulence or a degree of super saturation (either 
true supersaturation or semisaturation caused by presence ot large numbers o£ 
verv’ minute droplets) , frost is usually deposited aft of the t^e ice _ 
formation. The tunnel tests give the impression that the ice formation is of 
greater extent than would be observ^ed in flight. Intermittent icing rom 
broken clouds cannot be satisfactorily reproduced in a wind tunnel as i 
imx 3 lves transitions from saturated to drier air. Tius is wh>' a press .T 
ice detector mav function in a wind tunnel and give no signal in natural 
icing, since the holes may not plug in intenaittent (broken cloud) icing. Totai 
aero drag effects cannot be satisfactorily measured in icing tunnels, due to 
disturbances of spray rigs and interferences of full scale iirodels , etc., plus 
maior drag effects are often on unprotected parts of the fuselage, wing tips, 
antennas, etc. ilood practice dictates prudent use of both wind tunnel and 
natural ice flight tests and good engineering judgement. 

Naval Air Pr opulsion Test center (XAPTC) Facilities 

Re^'erenc i3 discusses the facilities, instramentation, and ice tunnel 
testing at N.AP,C, Trenton, New Jersey. The facilitv at Trenton is capable ot 
^^'ODDK-ing complete environmental simulation fcr experimental and production 
turbojet and turbotim engines. Tlie test wing houses six major test areas. 
There” are three altitude chambers, two sea level cells, and a ten foot 
diameter subsonic induction 'wind tunnel. 

Control of water droplet site in the icing system is considered to be 
probably the most critical factor required. The icing svstems are calibrated 
in the test cells prior to each engine evaluation. It has been found that 
droplet '^ites van' due to variations in the cell geometrv*. Consequently, 
parameters such as nottle water/air pressure ratio for various droplet sites 
are ietemined for each new installation. 


rhe following icing parameter inst ramentat ion is provided at 
facil itv; 


Ihe N.APTC 


1. Rotating Cvlinders i,5 cvILnder'i 
Cil .Slides with silicon Trease 
3. Saiisch i bomb ihotonicrograph Artera 


4 , 


'-A L'VC '-tter 


'0 


5. Closed Circuit TV upstream o£ spray rig 

6. 16 mm High Speed Camera 

7. 55 irm Robot Camera 

The most effective way of determining LWC was by calculation, knowing the 
total water and air mass flow in the spray rig. This was because the attempts 
made to use the Johnson- Williams LWC meter in the cells resulted in 
inaccurate data. 

Duct airflow is measured utilising a steam heated total pressure probe 
and four heated wall statics. Duct air temperature is read on an electrically 
heated Rosemount probe. 


Aircraft Tanker Facilities 

Reference 121 contains discussions of the advantages and disadvantages 
(shortcomings^ of aircraft tanker testing. It is the opinion of some Air 
Force experts that (after observing numerous evaluations of ice sensitive 
component ice protection subsysterrs} tanker, natural, and wind tuiuiei tests 
conducted on similar planforms do correlate where similarity in temperature, 
airflow, average LWC and drop sices exist. However, with tanker tests the 
models are always full scale, and the aircraft, in combination with the spray 
tanker, has the capabilitv to move different sections of t.he aircraft in and 
out of the spray cone, providing a degree of safety not found under natural 
icing conditions. 


Tanker tests are reliable but meteorological conditions day-to-day 
carnot be controlled. Variations in hunidity and ambient temperature, 
effects of cloud cover, and freecing level altitude are a few factors which 
have to be reckoned with when conducting tests with a tanker. With present 
systems, adequate control is maintained over the flow, both in rate and 
volimie, of air and water to produce consistent clouds having an average LWC 
of anv chosen value from 0 to l."5 grxms/cubic meter of air. However, only 
ver^' Limited control over droplet sice distribution is attained. This is due 
to ti'.e fact that the sprav aocclos are usualiv designed to operate most 
effectivelv over a fLxed distribution having a mean droplet sice or a fixed 
flow rate. Also, t.he cloud behind anv tanker is turbulent, as opposed to the 
stable conditions in natural weather. Diere is a definite distance from the 
tanker in which to properly conduct m- flight icing tests. Flying too close 
to the noccles produces liquid water instead of ice, and too far from the 
r.occLes produces eaixillv unusable ice crcstals. RLme ice through clear ice 
forcations :c:r' easil'- :'c found in Chat rart of the cloud between the two 


In i scent years, the Air Force "has attempted to improve the spray system 
[reference 61). Limited calibration of a modified icing nozcle configuration 
was jointly performed by the .AFL-L and the 4950 test wing, IVP.AFB, Ohio. The 
basic modification consisted of blocking 50 of the 100 nozzle elements in the 
icing manifold. The_ resulting calibration of the nozzle configuration showed 
that the system provided droplet diameters in the range of 26 to 212 microns- 
an improvement in ^ the 18 to 944 micron range of the unmodified majiifoid 
configuration. Since natural environment droplets are from 20 to 50 microns 
the problem remains . ’ 

Facilities Rankings 


^^Table XX is an assessment of the icing facilities by relative ranking. 
The ’Facilities” column also contains some subdivision by including methods 
with the facilities. The various factors are ranked with each facility in an. 
order ^from 1 to 6 beginning with the top 'Tfndisputed Best” rank of 1 to a 
Fair ranking, number 6. In the places where no rankings are given, the 
^sessment factor is not applicable to that particular method or facility-. 
Therefore, no overall ranking of one facility against another is given or is 
It tnought to be necessarily appropriate. 


■AS5ES5ME\T OF X'BV ICE PRDTECTICN METHODS (T.ASK 6) 

The majority of modem light transport aircraft and some general aviation 
aircraft will fly icmg conditions, either in the course of regular routes 
or auring ^advert ent/ur.avoidable encounters. Conventional ice protection 
bj. stems .eiectricai. hot air, chemical, and pneumatic) have been developed to 
tfie extent that technical improvements seem to come only in small expensive 
bteps. Consequently, there exists a requirement for new innovative low 
power, and ine.xpensive ice protection systems. TTie major tocfinical ’need 
[reference 29} is a system^ characterized by a small required specific power. 
By this, ^is meant the smallest amount of power per square inch of the 

paS^aphs^^’"^'^^^' systems are discussed in detail in the succeeding 


ELFCTRCIMPUL5E k’F PRCTFiCTION yiSTEM 

Electro impulse deicing is based upon the technology- of exerting an 
impactless mechanical shock to the aircraft skin in such a wav that'^he 
elastic deformntiorjs of the skin result in a mechanical sheddi.ng of t.he ice 
yterence 102 in a more discrete definition, it is said that a 
high acceleration is irrparted to the skin by a high Dulse of ener-y in such a 
wav that the ice is shed or precipitated in an inertial fashion. 
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:yi.-nulse ice protection, svstem is a mcchan 
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-n~eu ov' low DOwer rcculrements a'^ 
worth consideration as 


system 


co:npared with thermal -elec’ 


a new concept for ice protection. Tlie 
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electro impulse system is based on the principle that an impulse, coming in a 
precise time sequence, causes deformation in the skin and ice layer. The 
resultant mechanical stresses in the skin are of smaller values than the 
fatigue limit or the limit of cyclic strength, while those stresses arising 

in the ice layer are sufficient to effectively destroy the bond, resulting 
in ice shedding. 

In order to avoid large deformations, the electroimpulse method uses a 
noncontact remote action such as electronic induction. To decrease power 
required, the system uses short power impulses followed bv orolonged time 
mtenals^to recharge electric capacitors. Optimizing the shape of the 
impulse aiso decreases the power consumption. For optimum efficiency the 
capacitor discharge time is controlled as a function of the natural' 
frequencv^ of the skin and is usually set to be less than one-fourth of the 
natural time period. By establishing a sharp wave-front pulse of ener^ in 
the electromagnetic (inductor) coil, the skin is rapidly displaced and"' 
caused to vibrate at its own frequency. Ma.ximura displacement occurs at one- 
fourth ot the period; also, the ice must be shed while the skin is accelera- 
tuig toits maxinum rate during this period. The power requirement for the 
elec.ro impulse system is about 1/10 of that required for conventional ice 

i'^sJefpenau'es'^'’ in this section mder ”Ice Protection 


T]ie electro impulse deicing system ir. an aircraft consists of one or 
several stanuard sets of units; the actual number depending on the si'e of 

protected against icing. A standard set comcrises an 
ect.iu ^it, a programming switch, several dozen inductors, and the 
corresponding ni^er of semiconductor switches - thvTisiors. The electric 
unit consists of a voltage transformer, a rectifier, and capacitors . The" 
electric units may be standardized, and therefore used on practicallv anv 

vpe ot aircraft. Figure 14 shows a typical electrical schematic and leading 
eage arrangement. 


_ The design anc location of the inductors is extremely important. The 
nirrner ot^in^uctors si)Oold be kept to a minimum and thev should be used with 
maximum emciencvu Hfficiency is governed bv t.he gap between the skin and 

^^self IS moulted to a nonmetallic 
bracket suet that the bracket defoTmarion is much much 
...e^ihin detoiTtation, n-.e area of skin protected fvibratedj bv 
'e ar‘=‘as determined and there should be some overlap of 


smaller than 
the inductor 


^inducicrs can be made in various shapes and sizes 
rciai.i tor ce^Lgn convenience. The number cf wire turn 
and rigiditv ot the structure, so severa 
ma> to required on one aircraft or component thereof, 
... -'.cries vcanecteu tu one thvristor unit will prove t> 

inductors in a 


will alicw' an Lncrease in the number of 


although most are 
is a tuncticn of the 
t’.pes ot inductors 
Sometimes two inductors 
be more effective and 
standard set. 
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The chordwise and spanv.lse spacing location of the inductors is extremely 
important. The inductors should be mounted along the span of wing or 
stabiliser at intervals of 20 to 40 inches (500 to 1000 mm) . If the ribs are 
closer together than this inter\'-ai range, then an inductor should be nxjunted 
at every rib spacing. TTie shorter the span or the closer the ribs the more 
sharply the rigidity of the structare increases. As a result, the require- 
ments for effectiveness of the inductor increase; also, a thicker skin is 
required because the stresses increase accordingly. The inductors should 
preferably be mo Jited between the ribs. However, it is convenient to use the 
ribs for mounting the inductor bracket . loss in efficiency occurs when the 
ribs absorb a portion of the induced vibration amplitude which is measured in 
fractions of a millimeter, 

The electro impulse deicing system concept ’s still in the research and 
development stages in this country with very little infomnation to foim a 
data base. 

Laboratory test.s have been conducted (see reference 55) to check the 
efficiency, versat-ility , and possibility of future application of the electro- 
impulse deicing system, In tliis test program, a cantilever (horitontal) beam 
was set up, part of which was covered by ice or a specific mixture of nxjrtar 
whose properties simulated those of ice. Subsequently d\'namic loadings were 
applied at various distances from the be.'uri end and the pattern in which the 
ice or mortar failed was obsen'ed. Parameters affecting the ice or mortar 
failure, such as beam length, distance from impact (inductor!, layer thick- 
ness, and temperature of ice were measured and recorded. A simple theory ..or 
static beam loading was developed. 

The tests performed were principallv concerned with the mecliaiiics of 
crack formation and failure of ice or mortar deposit. Since the principal 
concern vs-as not the operation of the impulsive deicing system, impact 
(d\-namic! loading was employed for deicing instead of inductor devices. A 
mixture of mortar was used rather than ice in most cases, because it was a 
more convenient material to use during the tests, not rec|uiring refrigeration 
with properties which do not depend upon ambient teiiperature. 


Th.e main nurp-ose of the impulsive loading of the bean Lor on an aircraft 
outer skin! 13 tc induce a fle.cural wave which will transmit some sor^ 
enerp.' capable of removing or break.ing t;ie ice on the surrace. Tne flexural 
wave IS believed to be made up of two other wave ti-pes: LU a shear wave 

transmitted bv shear defcmations, and i2! a dilatation wave prcpogated bv 
moans of rotation of cross-section about the beam' neutral axis, ibe shear 
,ind dilatation waves .ire purel'.' transient phenomena and at Least 10 reflec- 
tions of the two rropagated waves occur betore the tirst mode ot vibration 
established. Ice will usicill’- break during the tran.-^ient period anu is 0:: 
when vibrations on t.ne bear, are set so that the vibrations .ire rot 


involved in the initial failure of the ice, although the inertial erit 
hasten tne .iltumate removal of t.ho ice. 


•an 




The tests indicated that where there were cracks in the iriortar caused 
bv static loading, significantly higher impulses were required for initial 
removal of the mortar (ice). The mortar would absorb some of the wave 
energy by not letting it fully transmit through the entity spaces of the 
cracks. It must be remembered, then, that the type of ice accumilated on a 
wing at higher speed, particularly a highly swept wing, also has highly 
irregular shapes (lobster tail effect) with gaps which can absorb a signifi- 
cant proportion of the wave propogated through the skins. 

The principles of the electro.impulse system are basically sound, and 
they are not new since some sheet -metal- forming processes have used the same 
principles for many years (reference 102). However, the main attraction is 
that the electro impulse system affords an electromechanical method of 
shedding ice, which means the skin surface does not have to be heated abov'e 
freeiing - as is the case for electrical or bleed air systems. .\s a result, 
the electroimpulse svstem operates almost independently of outside air 
temperature (,0.171 and L’.C. However, there Is some purpose (in different Llv'C 
conditions) in changing the cycle time so as to allow some ice mass to form 
on the surface before it is shed. It is implicit in this type of system that 
they do not have the mtnback or insufficient heat problems which plague manv 
present deicing svstems. 

Because of the potential merit of the electroimpulse twpe svstem and the 
interest shown by various organ i tat ibns , it is recommended that further 
research ar.d development act ivitv be conducted to explore, in more detail, 
t.he tec(anolog\' of this svstem. Practical test models representing current 
and DLinnec airfoil conf Lg^arar ions and fabricated with the proper materials 
and design techniques should be tested in an icing tunnel to validate the 
nerfomance of the svstem. These research and development tests should be 
designed to conourrentiv provide paromotric data as a foundat ion foi^ an 
organited ..Lita base which will support the requirements of the general 
aviation industrx' in the design of such ;in ice protection system for existing 
,md future aircraft. 
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microwave ener'A' will be able to penetrate the ice layer and be totally 
r^flectll "rthe ice-air interface (figure IS). Th.e ice layers conta^ing 
thf microwave energ>' will be subject to dielectric heatmg by ^ssipation of 
the microwave energv' and will experience a temperature rise. Onlv the ice 
Si Serience appreciable heating, the ice itself providing the 

for convertmg micio^ve energy to heat. In the ^ 

svstem electrical energy is converted to heat in resistive heater pads that 
line the entire leading edge of the airfoil; sometimes the entire lead^g 
is ff thf iLfoil IS heald, including portions where there may not be any 

ice. 

The high efficiency of the microwave deicer depends upon the 
following considerations : 

1. The microwave technique provides a means of efticiently directing 
energv' only to the existing ice. The airfoil itself is not heated. 
If there is no ice, there will be only minor heating ot the airtoi 

leading edge. 

^ Tbe use of hard, snraoth, erosion- resistant dielectric coatings , such 
as alumina, significantly reduces the strength of the ice adhesion 
bond, resulting in lower microwave power requirements. 

3. Microwave heating is ver-' rapid and is localited to the vicu-itv of 
the adhesion laver. The rate at which the ice is heated can oe 
controlled bv pulsing. The loss of heat conduction is a relativelv 
slow process so that there is a very rapid net gain in heat. 

The major benefits required of a microwa\-e deicing system th.it are 
believed to be feasible are as follows: 

1. Low Power Consumption 


i. Low Weight 
5. Low Lost 
i. High Reliabilitv 
5. High >Lu:'.ta:naoiIity 


.Vs shown in 


figure 16, a tvpical microwave deicing svstem preliminarv 


esi-n cent i gurat ion tviv consist oi tne tollcwuig componenu? 
1. VlicrowaV'"' Toicer 3o<.n s' 


C.sui' ler 



Figure Id. Microwave Deicer Potor Blade Concept 
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3. Distributor/ Power Divider 

4. Feeder 

3 . Microwave Tube 

6. Power Supply 

■. Pilot's Control Panel 

8. Ice Detectors 

9. Temperature Probe [OAT] 

The estiniate of prime power requirements to shed ice on an airfoil 
leading edge is an order of magnitude less than that req'oired by an equiva- 
lent electrotheriiial deicing system. 

The microwave deicer system requires that the deicer boot be fabricated 
from highly erosion resistant dielectric materials to protect the surface 
from sand, dust, and raLn. Some of the materials which ha\-e received the 
greatest attention so far are alumLna, lennite, polyurethane, and nickel. ^ 

^e most popular combination of marerial.s is alumina and pol>-urethane , which 
provides erosion shields equivalent to or better than nickel at considerably 
lower weight penalty. 

The feasibility of a microwave deicer depends upon the dielectric 
constant and the loss tangent of the ice appearing on the airfoil (or ice 
sensitive component : . A literature search :aade during the feasibility 
studies ot reference 113 revealed that this specific information was not 
nresentlv directly available. 

Th.e loss tangent of t.be ice which accumulates on the leading edges of an 
airfoil is different than that of stctically grown, pure, single crvstal 
ice used for scientific purposes. Some of the si.gnificant differences are 
the following: 


I. I.hfroten ’.Vater content ;^.'-uper-C'Ooled bater content 
1. Air iontent 
3. Impurities 
-I . 0 1 v;rowTri 


il 


The most significant parameter affecting the loss tangent of the ice is 
the percent of unfrozen water content. The loss tangent is defined as 
follows for any dielectric material; 


tan 6 = p- = Loss Tangent of Material Heated 

e" = Imaginai-y part of dielectric constant 

£' = Real part of dielectric constant 

The dielectric ccr.stant is made up of the imagin.ar>" and real parts. 

Depending upon the t>'pe of ice and the frequency considered, the loss tangent 
can vary several orders of magnitude. Since the power required to heat any 
dielectric material (usually expressed in watts per unit volume) is directly 
proportional to the loss tangent, it is extremely important to know the loss 
tangent associated with the characteristics of ice accumulated on a protected 
component . 

Loss tangent tests have been conducted in the laboratorv' (reference S"; 
with various t>pes of composition of ice which were supposed to represent 
natural icing and cover the full range of tan 5 expected. .Uthough these ice 
compositions ::iay represent some of the expected ti’pes for helicopter blade 
icing, thev are probablv not the t>pes best suited to represent the tvpe(s) 
of ice collected by ice sensitive components on light transport and general 
aviation aircratt, particularly t.hose net in close proximity to large bodies 
of salt water. Salt was used in the high- loss Ice samples of the tests cited 
in rnerence S". !he ice collected on fixed wing G/A type aircraft would be 
more t'.pified by the sc called low-loss samples which take longer and require 
more power to shed. 'Cne possibility of improx'ing the shed time and power 
requirements for low-loss ice, is through the use of a third layer in the 
dielectric composite which is called a "lossier" layer. The third layer is a 
thin, low loss erosion strip used for controlling the surface -wave guide 
attenuation constant. 


A comprehensive ongoing program should be conducted to explore microwave 
deicing technologs’ lor use with general aviation and light transport t\"ne 
uLreraft. 'Aich pronise has already been shown for its possible use in 
aeicing systems for ne!:.copter blades. The systems research programs inv make 
use Jt the research work done for helicopters. The research which should 
include hig.n rower, high eff ic ienc.', low weight microwave tubes, low-loss 
high dielec'ric constint materials, and optimized wave launchers would be 
•ipplicable to all potential users 
.'Tt? rci.luircd t.? 

tor >< (iriv.i st^ibilizcr 

studies .iccoirpl Ls/'ied for helicopter rotor nrctecticn bv microwave oe 
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rCEPHOBIC NWTERI.\LS 


Icephobic coatings have been a subject of investigation for the past ZO 
years, .'lany attenpts have been made to fLnd a lightweight, inexpensive 
substance that can easily be applied to aerodynamic surfaces which would 
either prevent the formation of ice or reduce the surface adhesion force to 
the extent that aerodynamic and/or dynamic forces would remove the ice 
(reference 60). A fundamental requirement in any research program to find an 
optimum icephobic coating material , is the knowledge of what causes ice 
adhesion and how to minimize it. Factors that play a part in the adhesion of 
ice to a surface are as follows; 

1. Van Der IVaals Forces 

Z . Hydiogen Bonding 

3. Wetting 

i. Rougluiess 

3. Contarainar’.ts (Including Air) 

6. Interface Chemistr-' 

Contact .\ngle 

Reducing the adhesion of ice requires reducing substrate wettability 
making it mere hvdrophobic. This is accomplished bv reducing its reactivitv 
anc surrace forces, making it more inert aiid more incompatible with water. 
■Also, the resulting higher contact angle makes it more likely to occlude air 
at t.he interface. Air at the interlace reduces the bonding and produces 
stress concentrations which reduce adhesion. 


Water is prone to hydrogen bonding, which is the basis of the ice 
structure, :md t.hus, water and ice are attracted to a substrate i surface! 
fiaving H-bondubie .;onpcnents, i.e., oxygen atoms. A low ice a..ihesion surface 
should tb.en be tree of oxygen atoms. 


^diemical ;''onaing strength or energx' varies with different atom riirs md 
contributes to t.'ie relative activity or inertness of a substrate. A high 
energv surrace, exhibiting high interracial enermv, has high attraction for a 
contacting rli;id ;ir.d a low energy surrace tlie onposite. A low energx' surface 
then IS desirable. Pcl\m'.eric fluoroc.arbons and hvdrocarbons have low ener'gx- 
surtaces. Tiiev nave low artracticr. for water ;ind low ice a^iiiesion. 


.Although fluorocarbons have low ice adhesion (much lower than metals') , 
teflon (PTFE) for example, under repeated freezing cycles or high droplet 
impact velocities, produces stronger ice adhesion than expected. This occurs 
because: (1) high impact of droplet penetrates into the material pores to 
anchor ice, (2) the soaking changes the contact angle, and (3) during 
repeated freezings, the micro air bubbles are removed, thus adding bonding 
strength. 

.■Another difficulty wnth low ice adhesion materials like polyethylene, 
teflon, or silicones is their softness or creep. Poor abrasion resistance 
may preclude their use on aircraft where there is high impact and wear 
exposure . 

In order to obtain low ice adhesion and induce ice release, certain 
conditions must exist which include the following: 

1. Low energ}' surfaces of solid substrate (or applied coatings). 

2. .-osence of high energ}' contamination of the surface. 

3. Presence of low energ;.’ contamination to impair bonding. 

4. 'ccLusion of air to impair bonding and promote stress concentrations. 

5. Cptimum, degree of surface roughness to encourage air entmapment. 

b. Substr.are construction or properties that promote generation of 
stress and subsequent adhesive failure of the ice. 

.Appropriate stresses. 

The appropriate stresses for initiating and propagating adhesive failure 
uis given in reference oO'i include the following: 

1 . 


3. 


1 . 


Single shocks from direct mechanical impact. 

Flexing of the member /component in normal use. 

Sonic or ultrasonic vibration at optimum frequency’ imposed 
el ec tromcchxini cal 1 v , 

Heating (or cooling'; intermittently to create temperature gradients 
and differential therm, expansion to stress interface. 


r r'cviue a*teTT,a: i:’.g .strips of high .inc low cc;eff:cient-of-exransitn 
rriutoriais m or .ncnoatn .'urtace to develop stress ainm tempemitare 
ciimge. 


S4 


5 . 


Utilize bLnetallic elements to magnify displacement upon thermal 
cliange. '.vhen heated by radiation, electrical resistance, or hot 
fluid, these bimetallic elements would induce local stresses in a 
flexible skin. 

The implication is that some external stress is needed to initiate 
cracking, etc., for ice shedding to occur. This requires that the ice 
sensitive member or component be designed for natural flexing or be provided 
with an ice protection system which is a combination of an icephobic 
material and a mechanical, electrical, or thermal system. The best use of 
icephobic materials in combination with other ice protection systems is a 
subject for an icing research program. 

Icephobic materials should be investigated to deteimne which candidate 
materials exhibit the characteristics most desirable for application to fixed 
wing light transport and general aviation aircraft, such as: 

1. Low cost. 

2 . Ease of installation in new aircraft or retrofit in older aircraft. 

3. Permanent or semipermanent coatings. 

- 4. Compatibility with other aircraft mat..'rial3. 

5. Ease of maintenance. 

6. Reliability. 

Combined use with other ice protection/s^ress inducing systems. 

Iceohobic materials possess the potential advar.tages of low cost and 
light weight. According to reference 98, a s.avings of over COO pounds mv be 
realized in the 'ise of icephobics over an electrothermrl equivalent system 
for large aircraft, llie use of icephobics, as i^tii the microwave and 
electro impulse syzteTns, Joes not involve the problem of n.Tiback ice which, is 
often a characterisr ic of the t.hermal svstems. 


The majorit>' of the aocument.s obtained during the literature search :md 
listed in the corrrputer file cn icephobics concern research .and development 


testing of 
The obvious 
the d% 113:110 
this force 
must atta _;i 
forces aval 


. ephobic materials for ice protection of helicopter rotor blades. 
ad\:mtage of the helicopter rotor blade over the fixed airfoil is 
force of the rotating blade for shedding the ice, even through 
is variable eve'' the length of the blade. The fixed •wing aM-craft. 
cotlS iderable velocitv or flight .speed to approach the .lercdvnamic 
l.ablo to the rotor in order to induce .^nedding. 


Figures 17 and 13 show the results c£ some tests conducted by the U. S. 
Army Cold Regions Research and Engineering Laboratory, Hanover, New 
Hampshire. In figure 1’, the average shear force required to dislodge the 
ice from the test sample is plotted against successive or repeated ablative 
tests. The results are very erratic. Two coatings showed very low adhesion 
force repeatedly until the test sanples were st±»j acted to simulated rain 
tests, after vdiich the adhesion forces increased to the baseline value. 

Figure IS shows the life of a Dow Chemical Company substance under the flight 
test conditions. 

The NASA research program must investigate the following factors 
considered in the use of icephobics for ice protection systems for fixed 
wing aircraft; 

1. The candidate materials which must exhibit the optimum low energy 
characteristics, utilited with or without a soft Ci-S-> sponge) 
substrate. 

2 . The aerodynamic forces required to remove fractured ice - minimum 
required with the candidate materials for various sices and shapes 
of ice accretions. 

3. The methods bv which the required initiating cracks or fractures 
will be made in the ice accumulation. 

■1. All of the first three considerations above for both straight and 
swept airfoils. 

REDUCED ICE DROTECTION RECUIRFDIEM A\T [CIN'G INSTRLDEsTATION ' 

■ASSESSMLDT 'TASK "I 


GFDvER-\L 


A comparison of a typical general aviation aircraft flight profile to a 
modem jet transport profile shows that in many ways the light aircraft is 
raced with a more difficult ice protection design problem (reference 1). 


Statistical data compiled bv the F.AA over an eleven \'ear period ifigures 
19 through 11; show that the most ccmmonlv assigned cruising altitude for 
general aviation is around 5,000 feet where the largest number of icinc 
encounters occur. Therefore, general aviation wind light transport aircraft 
loperating upi to 10,000 feet' have a m.ore demanding enrouto Lee protection 
requirement t.nan jet transports riving at t’v'picai altitudes of 30 , 000 - 40 , 110 ,' 
;eet, well above most of the icing conditions. .Also, the ’et transoerts 
ciimr to altitude ver.- .quicklv, tiros minimicing their exposure. 
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Data on the characteristics of icing clouds with regard to icing 
severity have been uotained from a -variety of locations around the w-orld, 
mostly in the northern hemisphere. They cover diverse time periods, flight 
conditions, and sensing equipment. A very excellent summarv' of the icing 
severity data from various sources including the NASA Perkins Report, the 
1972 Briggs and Crawford British Data, and the V. S. Savin, et al Russian 
data, is contained in reference 102, a study of ice protection for advanced 
helicopter designs. 


No new icing severity measurements have been reported in the United 
States since 1952 [reference 102). However, foreign icing severitv' data 
collected more recently (19"'2) confirmed the vralidity of the older U. S. 
data, as shown in figure 22. The figure is an overlay of a liquid water 
content probability curv'e derived by Lewis in 1952 from 1940 's data super- 
imposed on t.he probability curves from V. S. Savin's data, which was based on 
five times more data gathered over a twenty year period. 

REDUCED ICE PRCTECTION REQUIREMENT 


In setting up a hvpothetical ice protection system requirement that is 
less than the severest icing condition required by EAR 25 fAppendix C) , one 
must consider the foi Lowing: 

1. 'vhac are the actual cloud icing severity data measured woridivide 
from all sources? 


2. Uhat is the accuracy' of the measured data [i.e., do the data fr'm 
various sources verify each other)? 

3. Nhat are the present design requirements for full ice protection as 
established by the FAA" 


4. Considering the given flight envelope or profile for light transport 
and general .ivi:ition aircraft, how c;in the design retiuirt'ments (^FAA 
F.AR 25 icing envelopes) be logically or plausibly reduced without 
conp remising phvsical realities in a hazardous manner' 

5. hhat other taotors may be addressed tc reduce the ice protection 
requirement from the severest icing condition'’ 


ice 

for 


Tie operac iur.al implications of limited, i 
protection certification, requires that the 
p 0 s s i b I e Ljrt'' ro V omen t : 


e.. Less than full 
following areas be 


FA\ F,\R 
studied 


1. Dispatch F^iles 

2. Crew N’t ions 
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Figure Water Cont 

Different 


3. 


Airborne Insmmentiition Requirements 


4. Forecasting Improvements 

5, Air Traffic Control Restraints 


6. Icing Intensity Definitions 
Levels of Icing Severity 

.Appropriate For the various G/A aircraft in terms of. 
(a) altitude, (h'l temperature limits, id icing 
intensity, and (JI geographical limits. 


.Also to be considered for less than the full F.AK 15 certification 
requirements, vsouid be the consideration of matching limited protection 
systems to limited icing conditions. Tliis Viould require definition of allow 
able ice accretion rates and knowledge of the penalties associated with the 
ice accretions for each individual aircraft. The decision as to what 
components should be protected in the designated limited icing condition,^ 
would necessarily be based on as much analysis and testing of the aircraft 
and its protective s\'stems as presently rev)uired for the full F,\R -5 
cert ir'Lcat ion. 


■An alternate wav of showing icing 
figures .ind 14 .is calcul.itcd during 
cun'cs show independent probability of 
content below 10,000 feet. 


severity probabil..tv is shown in 
tl'.e study for refer''nce 101. Tliese 
icing temperature and liquid water 


The present st.-mdard icing conditions used for the design of all ice 
protection systems are the icing envelopes of F.-V\ F.4J1 Fart 15, .Appendix c. 
Tliese envelopes of conditions are shown in figures 15 and lo .md are the 
basis for cert i ficat ion for all aircraft ice protection systetts ii the 
.iiry'l.ino is to flv in -oiowti icing conditions. Hiese envelopes do not 
represent nhvsio.il relationships between the vari.ibles. but represent oombin- 
at ions of the par.uneter.s oousulered to h.ive sutficient prob.ihilLtv ot 
oocLirrence to imike it appropriate that transport category aircratt be 
designed to cope with them i reference I 
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ilQUID WATER COriTENT - GRAMS PER CUBIC METER 


1 PRESSURE altitude RANGE, S.L.-22,000 FT 

2 MAXIMUM VERTICAL EXTENT, 6,500 FT 

3 DURATION , UNLIMITED 


PROPOSED 

A^T^VDCDM kwELCPE 


MEAN EFFECTIVE DROP DIAMETER - MICRONS 


Moderate 


-igure 2~. Recomir.ended Continuous Maximum (Stratiforn Clouds) 

Atmospheric Icing Conditions, Liquid Water Content Vs 
Mean Effective Drop Diameter, Ref lOi for Helicopters 
With Ref 134 Cv'erlav 




PRESSURE -ALTITUDE RANGE, 4,000 - 22,000 FEET 



Intermittent Ffaximum (Curnul ifonn Clouds) Atmospheric Icing 
Conditions, l-iquid Water Content Vs Mean effective Prop 
Iiiameter, Ref 1(J2 fur Mel icopters, with Ref 1.34 Overlay 




criteria represent the 99th percentile of exceedance probability for 
altitudes up to 10,000 feet, the normal altitude range of light transport and 
general aviation aircraft of this study program. 

ASSESSMENT OF MRCRAFT ICING INSTRUMENTATION - EXISTING AND 
UNDER DEVELOPNE.NT 

Aircraft structural icing is one of the major weather related hazards to 
general aviation. This l^a:a^d can be greatly reduced if the aircraft are 
provided with devices that will do the following: 

1. Warn the pilot of icing conditions or give ;m indication of initial 
icing before the pilot would otherwise be able to detect it. 

2. Give the pilot an accurate indication of the icing rate or inten,^ity, 
if he chooses to remain in the icing conditions. 


Another requirement is for the quantitative measurement ot the various 
icing parameters which stems fiom the F.AA certification requirei^nt for 
demonstration of the aircraft to operate safely in icing conditions. To 
fulfill this requirement, it is necessaty to obtain quantitative data on 
flight parameters such as airspeed, altitude, CAT, etc., and on icing 
conditions such as liquid water content, droplet sice and distribution, and 
ice accumulation (sice and- shape). .Also, qualitative data on aircraft hand 
ling, such as stability and control are required. 

,\n assessment ot the icing instrument at icn presentlv used op under 
development b%' various industries and Government agencies, both ... home and 
abroad, has been accomplished through a review or the literature. The 
documents containing icing instrum.entation information were selected by 
interrogatiou of the computer file for such data (see .Appendix C - Conments 
Table on Instruments'). The extracted uiformation has been summarized in 
table XXI. The table contains a list of icing instrumentation by name, 
agencv source, and/or ir.ventor. The t>-pe of principle of operation is shown 
for each instrument as data have been found in the literature. The instru- 
ment utilization, the measured icing parameter(si , and the problem areas 
associated with the instrument which may limit its accuracy or its utili.a- 
t ion are given where known. The lack of a check mark in the problem area 
column does not necessarily mean there are no problems with an instrument, 
it can me;in no diita were available. 

Tliere are two basic methods of detecting and assessing icing in flight 
and all icing Lnstmxieats fail into these two categories preference 55'' . 

The first method is to allow ice to acc^imulate on a suitable probe ;ind then 
detect its presence lAce accretion instruments'). The second method is to 
sense the atmospheric conditions conducive to icing and then to continuoiislv 
e\-alLcite its likeLv severitv (inferential or thermal dotectors''i . 
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Ice accretion instrjinents include rotating cylinders and discs, 
stationary and vibrating rods, pressure orifices, beta radiation probes, etc. 
The accretion method is the simplest but it does have the limitation that at 
high Live and high subzero temperatures the latent heat that is released as 
the ’^Nfater freezes raises the temperature sufficiently to prevent all the 
water from freezing. If the instrument operates above this "Ludlam Limit’' 
(freezing fraction less than one), it will underestimate the LWC. The 
accretion probe must be deiced, usually thermally when a predetermined amount 
of ice has formed. Tnis is followed by a "dead time" for the deice and 
subsequent cooldown periods before the ne.Kt reading can be taken. 

At first glance, it would appear t.hat the accretion meter is the most 
direct detection and warning device, but there is a wide ange of icing 
conditi^^ns where there is no simple correlation between the impingement rate 
and the potential accretion rate and the form of the ice. Considering all of 
the variables of catch efficiency, ambient temperature, LlvC, and airspeed, 
etc., the accretion r/pe instrument will give fairly accurate readings in low 
water content air at te; ratures below -1C°C (14®F) . 

The thermal or inferential ice detection and UC instruments utilize a 
heated probe or wire, exposed to the airflow, that is either maintained at 
constant temperature or has a constant heating power applied. The power 
reauired or the temperature attained can be used to determine the LlVC, whe.i 
the convection cooling is accoiaited for. Inferential instriments have the 
advantage, in that they depend solel>" on the evaporation ot water and 
temperature measurement and do not suffer from the limitations umposed on 
accretion instruments due to accumulation of stray deposits. However, 
instruments such as the Johnson- Williams instrument, used widelv over the 
years, underestimate LWC when droplets imich Larger than 100 microns are 
present. Inaccuracies occur in turbulent flow in ascertaining the amount of 
convective cooling. 

A third method of detecting and assessing icing in flight and in icing 
wind tunnels fur airframe structure or engine tests, uses cloud particle 
sizing instruments such as the Kncllenberg svstem. These instruments 
measure the lighu scattered by a particle as it passes through a laser be;im. 
The resultant signal is a function of the particle diamete-^ and is used to 
generate a count in one of t.he fifteen 3 micron-wide size channel.s in the 
axiallv scattering spectrometer probe. This ir.str.iment measures droplets in 
the 3 to 4 5 micron range. Far tides in the 10 to 500 micron dt. meter range 
are measured by one of the Particle Measuring fvstems, Inc. optical arrav 
probes lyef^’rence lb'. This instrument uses fifteen 11 micton-wide size 
c.hanneli for counting the particies. electrcnicallv integrating tne 
number of particles and the si'es of particles, an estimate of the 1,WC c.in be 
made with tlie Knollenberg t;.ye of instr.cnentation. 
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The majority of the ice detector and particle measuring/ counting 
instruments that fall into this third category are used in icing wind tunnels 
or engine icing test cells. However, some of the la5>er (ASP) systems such 
as used by Meterorology Research, Inc. (MRI) are small enough to be adapted 
to aircraft for use in certification or in meteorology research data 
gathering. These systems are connected to a complete system which may 
include altitude and temperature measuring instrumentation as well as the 
data recording system. While this land of instrumentation is excellent for 
aircraft certification programs to qualify them for flight into known icing 
conditions, it is much too large and expensive for standard aircraft 
equipment for ice detection and intensity determrination for pilot warning 
purposes. 

.Assessment of icing instrumentation is complicated by the fact that 
different groups or different researchers cite such different opinions on 
effectively the same kind of instramentation. In reference 157, experience 
with oil slide data for measuring droplet sizes in the 10-50 micron range 
resulted in data too large by a factor of 1.8. Errors were due to 
evaporation of small drops, coalescence of drops (small ones into big onesj , 
and impact or flattening errors. Tr. reference 35, oil slide droplet sampling 
gave repeatable, stable samples such that there was no reason to doubt the 
accuracy of the oil slide system. It was stated that *he reason that none of 
the normal problems attached to oil slide measurements were encountered, was 
due to the choice of oil and the method of operation. The oil used was a 
Shell Dentax 25C or a straight mineral oil SAE 250. The procedure was to 
e.xtend the slide for only 20 seconds, expose it for 1/10 to 1/20 of a second 
and then retain the slide in the ccnditioned cabin of the airplane. 

Considerable research remains to be done with respect to icing instru- 
mentation technology. This research includes the following: 

1. For existing instrumentation, determine the practical or optimum 
range of conditions tor the instrument, its percentage of 
uncertainity, and the proper operational procedures. 

2. Develop new icing parameter in.struraentation such as the laser 
hologram tivo and three-dimen.sional systems with the associated 
electronics that may be used in icing wind tunnels. For this use, 
size and complexity are not limiting factors and the intent is the 
development of equipment that can be used as a standard for 
calibration of smaller and Less e.xpensive instrumentation. There is 
no standard at present. 

5. Develop small .accretion and inferential icing instruments that c:in 
be calibrated in icing tuiinels against the stajidard equipment with 
the desired high level of confidence. The Lne.xpensive small 
instruments can he the suitable instruments needed bv general 
aviation aircraft. 
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■X. The instTvmentation required for airborne utiliration should include 
instruments for measuring liquid water content, outside air 
temperature and possibly mean water droplet size. However, in the 
case of the latter parameter, it is not necessary to know the 
droplet distribution for aircraft icing effects evaluation. ^Uso 
required for the airborne instrumentation which will be used for 
supplying data for forecasting, is the recording and transmitting 
equipment. Development of this equipment is required right along 
with the sensing equipment if weather stations are to be provided 
with the required data base for current up-to-the-minute 
quantitative forecasts. 

.ASSESS^E^T .AXD RECC^^E^^)ATIONS FOR ICING FACILITIES (tiSK 

NASA recently completed a survey of aircraft icing simulation facilities 
in N'orth America, providing for each facility its operational parameter 
ranges and size restrictions. [The results of this survey and a similar 
summary from reference 130 for the European facilities are provided in 
Appendix E.i Each N'orth American facility was classified by NASA as one of 
tour possible types: [a) wind tunnel, (b) engine test facility, (c) low 

velocitv facility, or (dl tanker facility. The advantag''-s and disadvantages 
of each of these categories were previously discussed in the section on 
"Experimental Prediction '>!ethods." 

The wind tunnel capabilities presented in the above survey indicate that 
test chamber sizes var\' from b inches to only 4.3 feet, when M\SA facilities 
are excluded. These size restrictions limit testing ir these tunnels to instmi- 
ments, sirall components, or scale models of larger aircraft components. Larger 
comnonents and full scale aircraft will have to be tested in the N.-V3A Icing 
Research Tunnel [IRT') or the rehabilitated .Altitude Wind Tunnel i.AlvT). tlniy 
six wind tunnels other than the IRT and ,-\WT are listed, .and of these, on*> 
three [Lockheed. Boeing, and N-RC-Canadal appear appropriate for testing or 
small comrwnents or scale models of aircraft, .•^s a result, in addition to size 
restrictions, availabllitv of these tunnels to industr'.' becomes a problem. 

It becomes incre.asinglv appare.'t that in order to obtain the wind-tunnel 
data base required to solve general aviation aircraft problems, the N.ASA 
LcLng wind tunnels will have to be util, zed to a greater degree, and improve- 
ments will have to be made to expand the applicability of these tunnels, 
increase the accuracy of test measurements, and reduce the turnaround ti;Tie 
berween tests. These facilities are discussed in more detail below, 
including needed, instr’.imentation. and recommendat Lous tor usage. 


\,A.E\ .AUmTlE WINE EJN-NliL 

IVtails of the exist inc N.XfA Lewis .-Utitudo .VLnd Tunnel are '.own in 
n;re hh Trc'csed reriabl 1 i tat lon modi f icat ions Inuicate tnat t!ie .\i\. 
wilThave two large ciianrers for testu'z corrlote or large sections of 
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aircraft. Cne test chanber is 43 feet in diameter and the other is 20 feet 
in diameter. The altitude versus velocity envelopes of the bwo different 
test sections are shov^Ti in figure 30. The altitude capabilities of the 
facility are sea level to 55,000 feet. This capability is applicable to 
both test sections since they are in the same loop. TTie velocity of the 20 
ft diameter section is mach 0.8 maxiinLim and the velocity of the 45 ft diameter 
section approaches 60 knots maximiTm. An overlay of the general aviation 
operational envelope on the AhT characteristics envelope is shown in figure 
31. The characteristics of the 20 ft diameter section completely contain the 
general aviation envelope. The 45 ft diameter section characteristics are 
shovn to be outside of the flight envelope of general aviation, but are 
applicable to ground operation and certain aspects of landing and takeoff 
operations . 

A future option to the rehabilitation design of the AOT is to provide 
a 90,000 horsepower drive motor unit for the 26 ft diameter fan which Ln 
effect triples the power of the smaller drive motor. The "hack leg" of the 
tunnel will have a simple rotor whirl rig for testing large scale rotors at 
speeds of approximately 60 knots. .An overlay of these characteristics on 
the general a-viation envelope (figure 331 shows that most of the envelope 
below aC.OOO feet is included in the envelope if the previsions of this 
option are added. 

It is understood from a recent conversation with X.ASA Lewis Tcmg, 
Research Center staff members, that the 90,000 horsepower drive motor ’unit 
will be a future proposed modification to the facility. Tlie velocity in the 
20 ft diameter section will be sonic for the ma.xiinum power condition. 

In an effort to realise maximum efficiency with regard to the energ>' 
requirements of the AbT operation, it is recommended that simultaneous 
testing in the 43 ft section and in the 20 ft test section b'* considered 
whenever it is possible and practical to schedule then in that way. This 
will require considerable planning and coordination under t.he direction of 
XAS.A personnel, so that tunnel conditions will be suitable to the require- 
ments of both icing test programs. 

The Ai>T 20 ft diameter test section with it broad range of altitude and 
velocitv conditions will have the capabilities required for icing tests of a 
varietv of general aviation aircraft ice sensitive structure and components 
and associated general research. The following are representative of the 
tvpes of tests envisioned for the r«o test sections. 

■Ving ice and tail ice interactions . 

2, '.Ving -uid fu-seiage junctures . 
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3. Wing and engine combinations. 

4. Propeller, engine, fuselage combinations. 

5. Er^emage pod-mounted engines end fuselage (ice shedding problem). 

6 . Large wing sections . 

Empennage sections (complete vertical and horicontal stabilicers ; 
T-tails or V-tails; fuselage interaction). 

3. 

9. 

10 . 


Nacelle inlets. 

Full scare verification tests of scale model test technique used in 
sliill icing wind tunnels such as the IBT or smaller industr;./ 
university icing tunnels, to verify accuracy of mathematical scaling 
factors used for scale model testing. 

Research and initial calibration of water spray systems designed for 
n«f> on icinsi tanier aircraft. 


,4S.4 ICING RESEillCH T'JNN'EL (IRT) 

The NASI Levis Icing Research Tunnel, vhich is the Largest icing tunnel 
6 t-ee?b^° fSrin the United States, has been .used for testing 
■ull scale aircraft structure, full scale small components, and scale models 
if manv ice sensitii'e components such as the following. 


1 . 


Straic^ht and Swept Wing Sections 


2 . Engine Inlets 

3. Radomes 


4. Missile CoTTiponent 3 

5. Tail Surfaces, Horltontal and Vertical 


n. rviel Vents 

Heliconter Rotor Blades 
S. Elevator Homs 
9. Engine Bullet Noses 
Ui. Helicopter EVPS .Particle Separator! 
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11. Pneumatic Boots 


12. Engine Cowlings 

13. Inlet Screens 

14. Antennas 

15. Slatted Wing Sections 

16. Slotted Wing Sections 

In addition to the ice sensitive components that have been tested by 
various aircraft companies in conjuction with NASA, many other basic research 
programs on icephobics, icing instrumentation, ice protection systems, and 
other aspects of general icing technology have been conducted by NASA over 
the past years in the IRT, 

The IRT is a closed- return atmospheric type tunnel with rectangular 
cross-sections except at the 20 ft diameter drive fan in the return leg. Ihe 
four comers have turning vanes and the contraction section has a 14 to 1 
area ratio. The test section is 6 feet high, 9 feet wide, and 20 feet long. 
Maximum speed for the empty test section is 300 miles per hour, creating a 
test section pressure equivalent to about 5,000 feet altitude. The floor of 
the tunnel contains a mounting plate located on a turn-table which is nearly 
9 feet in diameter. The tunnel airflow may be refrigerated to -15“F or 
lower, if necessary. Calibrated icing clouds nay be generated with liquid 
water contents from about 1/2 to 2 grams/aibic meter with volume mean droplet 
diam.eters from roughly 10 to 20 microns. The drop site distribution is 
apprcxinatelv a Langmuir "D" t\pe. The icing cloud is uniform in intensity 
in the center of the test section over a region about 3 feet high by 5 feet 
wide . 

The IRT is operated by N.-\S,A personnel, but the company testing in the 
facilitv must build the model .and supply a test crew' to install it, run the 
tests, record the data, and remove the test equipment at the conclusion of 
the teats. The companv must provide its own data recording and data 
processing svstens. 

.An L.prcvenent in these conditions would be to have NAS.A provide the 
data recording and processing equipment. This would include standardiied 
temperature recording equipment for the standard themoccuple materials 
normally used in the temperature range of icing and ice protection systems. 
Pressure measuring equipment and the data recording equipment for reasonable 
ranges and numbers of parameters could be provided which would sLmplifv the 
Icgisti.es problems and heip the preplanning of manv of the test programs. 

.-\nv specialiced instrur.entaticn should still be supplied by the companv doing 
the te.'Jt, the same a.s before. Ih.' providing data recording and automated data 
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reduction systems, test efficiency' would be greatly improved. The result 
would be to simplify test planning, reduce setup time, and .increase 
convenience in operation during the actual testing periods. 

The liquid water content and droplet site of the atmospheric icing 
clouds provided in the IRT are controlled by the water and air pressures in 
the spray nozzles and the air velocity in the wind tunnel. The tunnel and 
spray rig have been calibrated for combinations of LWC, mean droplet 
diameter, and airspeed, and graphs have been drawn so that other conditions 
can be detemiined. Whenever a test is conducted, the required pressures and 
water flow rates of the spray system are calculated from equations and graphs 
based on the desired icing parameters and the calibration of the tunnel. 
Individual measurement of the icing parameters using any of the commonly 
accepted instrumentation, for every test run, is generally considered 
unnecessary for these facilities. 

Improvements to the XASA IRT was one of the subjects addressed by the 
industry/Govemment questionnaire, .in evaluation of the suggested 
modifications and needs of the IRT to improve its utilization and efficiency 
are specifically as follows: 

1. A large test section approximately 15 ft x 15 ft is required. 

(This could be the 20 ft diameter AOT section.) 

2. Increased range of liquid water content (at least the complete 
range of continuous icing as defined in F.AR 25, Appendix C) . 

3. Improved instrumentation (see Discussions) . 

4. Higher speed capability (400 knots has been suggested), 

5. .Altitudes up to 20,000 feet. 

6. Improved accuracy in method of setting air and water pressure in 
spray system. 

A uniform cloud at the test section. 

3. Lower temperature range »-22°F). 

9. .An automated control system which would assist in faster stabiliza- 
tion of tunnel condition to save time and energy. 

10. Complete recalibration of liquid water content and droplet size 

versus rotometer, air and water pressure [.after other impro\'ements ■ 
in sprav svstem, etc. are made''. 
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11. Refurbish vanes, blades, etc. 

12. Improved wake drag system. 

13. Blowing/ falling snow and ground fog capability. 

14. More tunnels (facilities] to reduce lead times (improve availability). 

15. Provide IRT force balance system. 

I^■STRU^E^T.■\TION REQUIRBtENTS FOR ICING RESE^iRCH 

The kinds of test techniques and instrumentation that should be avail- 
able for icing research are the kinds that are oriented towards gathering the 
information necessary to resolve problems. The icing tunnels should have the 
condition control, instrumentation, test sample capacity, and other sophisti- 
cation to meet this purpose. Sufficient variation in instrumentation should 
be utilited such t.hat the complete required range of para.meter values will be 
covered. Since no instrumentation exists today which can be considered as 
an industry standard to meas'ure all ranges of liquid water content and 
drcplet sice/distribution more than one type of instrument for measuring 
these parameters v.111 be req'oired in an icing tunnel to increase its 
efficiency' and flexibility. 

Conventional instrumentation is required to measure temperatures, 
pressures, and drag and lift forces. Specialised iriStrumentation is required 
to measure total pressure and temperature in the icing environment. Heated 
calibrated probes are required for measuring total temperature and pressure. 

Different methods of photography should be provided for good visual 
coverage of t.he test model in the icing turnel test section. >btion 
pictures, television, and still photography provisions are required to record 
all ice deposits of interest on model rounted in position in the tunnel. 

Special portholes should be provided for photographic coverage of inaccessi- 
ble areas. Telephoto lens and wide angle lens should be available for those 
photos and situations requiring such equipment. 

•AJcng with conventional equipment such as multiple cylinders and droplet 
oil slides, inline laser holography system should be available for 
measuring liquid water content anc droplet sice for both calibration purposes 
and .ictual icing tests. 

A large amount of test data will result from all the measurements 
diso,a-sed above. In order to assimilate the data succcssfullv, it is 
important that data reduction be accomplished quickly and etf icientlv, to 
^cr\e as a tool tor test direction during the course of anv given test series. 
-An automated data reduction svstem should be considered for this purpose. 
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TESTING TEOINIQUT.S 

Testing techniques in an ic^g 

and water supplies be or maximum intemiittent) while 

icing conditions (i.e., , constant (droplet size distribution) for 

keeping Techniques should also ensure that the main now of 

\^rying periods of time. ^ iecnmq modify the droplet 

the tunnel is saturated so t _ ^i^mimlations not representative of 

diameters which could in turn ^ ^he tunnel air humidity during 

the set conditions. Continuous of Somatic dew point 

icing tests may be accomplished roug ^ acconplished in the SI-MA 

hygrometers in the test sec i affects the heat and mass 

from the surfaces subjected to ice accumulation. 

RECO^ttENTED USAGE OF NASA ICING \VTND TUN-N^L FACILITIES 

The NASA icing resear^ L^o£^4neraraviatio^^ transport 

aircraft. High priority problems shou d be 

be postponed ’cntil the .AbT is rehabilitated labout ib», , i g 
testing is required. 

The literature search and 

UentifieJ would also be required 

testing in the i^-ing wind tunnels. -qrion of newlv developed ice 

to s-upport other methods. Foweiplant icing tests 

Di-otection svstems and anaiimicai jrcuj.v- - ^ 
could be pursued at the engine test tacilities. 

sooe or- the bi,b priority f"enai^)e1* 

Prcv.de ouch ™oeured ice *d Tet d o"d “e ice accretion 

.qiternatively, testing at NrV.A results, could be 

and shape. Ihen sumilated roe, based cn ^ drv 

used to test airfoil "hS afgu be a oreferable approach, 

air wind tunnels througnout the uountr. . lais ..ug_ . nitchmc 

since the instnments for measurement ot aerod^namro ^ ’ P 

moments, etc., are readilv available at tne latter facilities. 

, .-w iroMi 1 he tc use the N.ASA LeRC facilities to obtain 

.another anproa^v^^d^be^tc^^ real or simulated roe accretions. 

n^ghrte<t^'of aircra^^^^^ utilromg the sa.-,« airfoil ^d sr^lated^roc^ 
:,c‘-Terion will prov.de qualitative peitcnfice -pj,,;/ 

— r;e:i:;bie iSn- hr a,rcr.,rt 

^ 1 ■; e i .'.it 1 nn -^urroses . 
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To studv the effects of airframe and nacelle ice shedding on engine 
performance, a combined use of M\SA LeRC and existing large engine test 
facilities might be appropriate. The large engine test facilities in the 
U. S, (mainlv'^the AEX test facilities in Tennessee) have not only increased 
in site but have modernized their state of operation, including instrumenta- 
tion for measuring LWC and droplet size/distribution. These facilities are 
used primarily for engine icing tests for full scale engines. NASA LeRC's 
.W facilities would be used to define the nacelle inlet ice accretion 
characteristics and the amount of ice shed from the airframe which would be 
ingested by the engines. The AEDC test cells would be used to define 
engine ingestion characteristics, inlet anti -icing/ deicing system operation, 
etc. Integration of icing test programs with more than one facility could 
■ultimately lead to more standardized icing instrumentation for measuring 
the simulated cloud icing parameters. 

As part cf anv program to develop ice accretion analysis models, it 
■would be necessary to provide actual icing data for suppxjrt and verification 
of the models, it would be advantageous to use the NASA icing wind tunnels 
for this purpose due to the capabilities and controllability of wind tunnel 
conditions. Controlled testing of subscale and full scale components in 
conjunction with model development will assure consistency and accuracy cf 
the results. 

Scaling effects should also be addressed Ln the NASA icing tunnels, 
especially after rehabilitation of the AbT. Scale model testing in the IRT 
would be verified by fijli scale tests in the AWT. The data would then be 
used to determine appropriate scaling parameters to improve icing predictions 
based on scale -model testing or anal>'T:ical models. 

Horizontal tail stall, wing-tail interaction, and ice shedding from full 
scale structural components are research areas for which a large, 
rehabilitated AWT would be ideal. Due to safety considerations, it would be 
’,snwise to test for these effects in natural ice. It would also be 
uneconomical, for reasons previo'usb’ discussed, and control of the degree of 
icing would be up to nature. 

These and a number of other icing wind timmel test programs are discussed 
in more detail in the subsequent section. It is important that NASAv utilize 
its facilities to provide ice accretion data for new airfoils, to verifv the 
development of new or improved prediction models, and ‘ ' assess the aero- 
d\mamic and safety penalties due to icing on wing, empennage, combinations, 
or due to ice shedding Lnto engine inlets. 
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Section V 


REC»tENEED NASA ICING RESEAROI PROGRAM (T.A5K 9) 


GENER.AL 

> Disoissed in this section of the report are summaries of the payoi ts ind 

i potential benefits of research into nev or advanced ice protection systeiivs , 

L required advancements in icing forecasting and icing definitions , requirements, 

r for improved accurate new instrumentation, and new and/or improved. anal>'ticai 

I ice prediction methods. This summary is a prelude to the specific research 

^ program listed in detail later in this section. 

I Figure 34 is a flow chart of integrated icing research technical areas. 

Th.e primary elements of each are listed, and the integration and/or relation- 
^ ship of each area is shown by t.he connecting lines and arrows to aircraft 

design and certification. The design and certification tasks are shown with 
many of the other elements to be directly connected with the main goal of safe 
operation of general aviation aircraft in the icing environment. 

^ This goal of safe operation and improved utiliiation of present and 

future light transport and general aviation aircraft can only be achieved by 
> new and continuing research programs directed towards improvement of the 

technologv' data base. 

T^T. PRCTTCTION Sl'STEMS 


In order to summarirc the areas of maximum payoff and potential benefits 
of new research programs on ice protection systems , many factors which have 
been addressed in the earlier sections must be considered. One of these 
factors has to do with the desirable goals of any new or improved ice 
protection system, design. Listed in rank order with the most iinpsortant goal 
first, are the following: 

1. Provide the Required Protection. 

3. Low Manufacturing , Installation, and >tiintenance Costs 
Low iveight 

4. !.ow Power Requirement 

3. High Reliabilitv 

0 . Si.mniicitv of ^.peration 

'•linimun Effect on .iercd^Tumic Perfcmance 


1 1 J 


tNMKlM r^lAIJu^ 



1 inure :^4. I'low Ciiart of Integrated Icing Research Tedmical Areas 



8. Goals of equal inportance include: 

a. Ease of Maintenance 

b. Quick Response 

c. Minimal Effect on Pilot Work Load 

d. Ease of Mathematical .Analysis for Aid in Certification 

The results of the literature search and survey questionnaire indicated 
that the t>-pes of ice protection systems considered the most promising for 
future development are the following: 

1. Icephobics 

1. Electro impulse 

3 . Microwave 

1. Acoustic 


:3. Combination Methods (One is primarily icephobic material. 1 

t. Engine .^aste Heat i.E.xhaust gases, cooling systems and hot oil 3>*s tens.) 

.Antifreece Fluids 
8. Lightiveight Pneumatic Boots 

1. More nfticient Electrical Systenti (Heating oads, surface coatines 
etc.) " ‘ 
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More Efficient Application of [tot Bleed ,Ai: 


-'.e nrst tivc systems are nes' systems which have been invest ignited to 
some degree bv varioius orgonitat ions in bo‘h Government and indust n- but as 
\x^t nave not been Jevelop&i to a prototxpe Level m this ccuntr.-. Pie list 
rive basic svstems have been used with manv vari.itions. Piev have met with 
^cnsi.eraMe success o^er manv years, but it is the considered opinion of m:my 
t.Xt.er..^ in ,ne tieid tnat .much can still be done to improve the design ;ind 


:.n recuireynents 


arpiication or these t;ypes of svsrem.s. Therefore, the rcseam 
p.an ontains suggested research related to i.mi^rovements of what would be 
^.cnsidore-.. c!d or proven systems as well ns the new conce-t-. 
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The promising lower weight and Lower power features of new ice protection 
system concepts (such as the electro impulse or miCTowave svstems) may be 
attained only after a considerable dollar investment into the feasibility 
studies and developmental tests required to produce protct>T>e systems. This 
investment should be compared with t.he investment required to reduce weight 
and power of conventional /proven systems or to reduce their installation, 
reliability, and maintenance costs. However, this comparison cannot be made 
with confidence until enough research work has been acconplished on the new 
concepts, and on old system improvements, to obtain the data necessary to 
make the required trade studies. To this end, research effort is suggested in 
the research program plan for conducting tradeoff studies to evaluate the ice 
protection systems best suited to light transport and general aviation type 
aircraft. 

It should be noted that in some cases, considerable savings could be 
produced by demonstrating that an ice protection system is not required. For 
example, it research on the aerodvnamic penalties associated 'with ice 
accretion on the unprotected leadLng edges of the 'wing and empennage of an 
aircraft, coupled with the operational characteristics of the aircraft, showed 
that the need for ice protection of these components is not required, then 
considerable savings could be realised. 

ICING FCRFCXSTINH .iXD ICI.XG DEFINITIONS 

Research in icing clircitology , meteorology, and cloud physics to increase 
the data base for developing impraved statistical design icing envelopes, 
icing intensity definitions, ;ind timely forecasting, will lead to more 
accuratelv defined requirements for ice pratection systems. This research 
will also provide for better utilication of the general aviation aircraft 
within their defined Limits of operation. 

ICING INTEN'Sm' DEFINITIONS 

Current definitions of icing intensities 'were established bv the 
National Coordinating Conmttee for A’.lation in Febnarv l'Do4 and adopted bv 
fine Subcommittee on Meteoro Logical Services in 1I>63 for reciprocat Lng engine, 
straight wing aircraft. These qualitative intensity definitions of "trace, 
light, moderate, and severe" have been interpreted Jifferentlv for different 
aircraft. A oiLontitative definition of icing intensitv is rectuired ’^ihich 
would allow rlie pilot to evaluate t.he effects of icing with respect to the 
rarticuLir aircraft he is living. 
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;'-'r ox.c-T lo. oLcil Itat IVO definitions relating the icutg in tens it'. 
■; to liviuid water content were put in the Air Aeatiier Semrlce 

ed ni “-'e weri of lewis d.'l"'' from NASA. In 1A~', Nevto: ref. 1'" 

-riot de; in 1 1 i ..ms rolatiac trie rate of ccllectiitn of ice it 1 'i "li le- 
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per hour on a 

r^^on'rfour^ilJcrdihmeter sphere have been used to suggest new^as/s ot 

estiMting ice accretion for forecasting purposes ^. 1 _„ p 

tPchniaue is intended to be an impraverient on the Air Force bkew i 
The^y^c Diagram Method for existence of icing conditions and 

intens ity . 

Roth the literature search and the sui^'ey questionnaire results indicated 
that rteJels i^ch dissatisfaction vath the current definit^ns of icmg 
intensitv. It is felt that further efforts such as discussed 

^na 1 research item has been included in the program plan whii.h 
warranted, a of ail concerned that new definitions 

wurbr^eful' in transitioning the currentlv qualitative icing mte^ity 
definitions to quantitative values which applv to individual aircrat . 

FORELAoTING AM) ICING EN\IRCi*OENT NDDEL^ 

Icing forecasts have been pn^vided bv the National Weather Servi« 
and the U 3. Air Weather Ser.'ice (.m) for about 1 vears without signiti^t 
Singes in the basic tecbiiiques to provide these forecasts (reterences .. and 

9:i . 

When the .-iutOTnation of Field Operations and 
insta’led bv the NWE at Weather Service Forecast Otticeb ih^FO . 
SreJasro^vices. and air traffic control centers, it will do awav with uhe ^ 
-pnf 'vstem ■P’e AFCS will eluainate ail the teiempewriters anc facsimile 

LscMuesbrnd Ae cAonoous quuntities of paper thev “ 

all'-'lectronic svstem in which weatner ji^ormaticn ■ ^ ‘ ■ 

screens, "a weather map will arrive 40 times faster tnan it wouiu on paper. 

and messages about 30 times taster. 

Currentlv. forec:i5ts i including those tor icing conditions) are ^issu^ 
three tunc- i dav Thev are irpdated as new data indicate that ...tmgts 
warr:mted.' With' the advent of .AFOS. the NhS will in 

forecasts even* tivo hours for four-hour periods. Since 95 percent ot ^ ^ _ 

have ;■ duration of four hours or less . forecast of 0-4 

step to meet pilot dertuids for improved torecasts lF.AA-N.ASA Air.ratu g 
Workshop at I.ePC , hilv 19 3''. 

.l^upuch i— revements have -eon made in forec.ist ing . partiailar’v m the 

Alu..vu^.i i,... fs- m.j u-r 'ire:is tOt 


area 


timing, there 


.till :mich to be done, ihne of the aaior areas tor 


'mim--ve"enr m the collection of quantitative icing data tor torecas ing. 
ivs; data\vo;Hd also ^e used to ^ipdate >r validate current net :n it ions o. 
icing intensitv conditions. Respondents to the survev ^que-tionrmm . v ...dua... 
a need for i-iprovenent in forecasting .md updates, lu. .ng t.n.t 
those^areas :iave -een ccnsiderevi in the proposed research ohm. 


1 a 


At present, one of the major hurdles to overcome in changing to quantita- 
tive forecasting will be in convincing the federal agenc>' coordinating and 
controlling meteorological services that this is the desirable course ^to take. 
N’ew programs in icing instrumentation research to obtain instruments for 
measuring the tc-pe of data which aids quantitative forecasting is a step in 
the right direction. 

INSTRUMENTATION 

Although significant advances in instrumentation tedmiques and design 
have alreadv taken place, accepted methods of measurement still differ by more 
than plus or minus 25 percent in the determination of basic parameters such as 
liquivi water content and drop sice in ground test facilities. The problem is 
mudi more difficult in aircraft flight installations due to the limited space 
available and the usual cost restraints. There is no standard instrumentation 
of such proven accuracy that it may be used to calibrate other instrumentation 
in all ranges of parameter values. 

from the assessment of the literature concerning both the current 
instrumentation available and that which is under development, there is still 
a requirement for much research to be accomplished in this field. There is a 
need for the development of accurate, continuous operation instrumentation for 
measuring LWC and droplet sice and distribution in icing wind tunnels for all 
ranges of air i-elocitv, altitude, and temperature conditions. Tlie development 
of this t^'T■’e of instrumentation will not only adlcw for the cad^bration o. the 
icing tunnel sprav equipment, but will allow the timnel to be used for cali- 
bration of other t\-pes of instrumentation measuring the sajne parameters, 
detect subtle changes in spray svstem conditions not normally found without 
in-stramentat ion , :ind provide the capability of testing spray systems for use 
with tanl.er aircraft or ot.her icing tunnels, etc. The development of 
instrumentation with a high confidence level tor use in icing wind tunnels 
will lead to the development of smaller, less expensive instrumentation for 
airborne use. Tlus will result from the carabilitv to calibrate the less 
expensive euuipment with confidence and increased knowledge, 

r^velopment of highlv accurate and/or calibrated airborne icing instru- 
mentation will facilitate the establishment of quantitative icing intensit-i 
data considered extremelv desirable, if not mar.dator>', for improving ici.ng 
forec.ists, revising regulations for flving in known icing Iv general aviation 
aircraft, ;ind improving info::taticn tor flight decisions b^' laJiviaual pilots. 


.AN.-klATI/.u. 




5oth the Literature search .inJ the results ot tlie su 
indicated triat the m^uoritv of the general aviation indus 
.MIS' 4 doc'.micnt as one o: their most imrort:int references 
technoicC'U hrecificallv, it is one of t:ieir most imi'ort 


.rce'.' cues t ienna i re 
trc' util ice the r.AV 
with respect to icing 
:.mt references witii 


;:o 




respect to ice accretion prediction and ice protection avstem i=aiP;' 

Ho»^veT, cuestlonnaire responses indicated that ice shape 

uDdating and iiuirovement in tianv areas including nuid systeiiB, P 

^rScnons, nes- airfoil shapes, etc. Beyond ADS-4, a saiall n^e. o^ 
snecific documents were mentioned by number or author in the survey ans . 
Tese Se iS^ed in the sunmaty of the survey/questiormaires in Appendix D. 

The majoTitv of those surveyed possess or desire co^uter codes for i^e 
accretion and/or' ice protection analysis. In is 

considered proprietary by the company who developed them.^ S^Jisfer 

that the codes developed for ice accretion prediction ana for heat triJister 
aiflvs^s arralfvy similar in nature and essentiallv contain the following 

elements : 

1. Two-dimensional potential r.ow field analysis. 

’ Two-dimensional droplet trajector.- analysis based on 15-:0u droplet for 
■■ i“ a^etior. (or Ungmuir distribution), 40-50u droplet for impingement 

length, etc. 

3. Computer code to calculate local and overall catch efficiencies apcl the 
iTKdified inertia parameter Kq- 

4. Transient and steadv- state heat transfer code that calculates heat Require- 
ments, Kith various refinements for convection losses, evaporation lates, 
mmback ice aiBur.ts. temperatures, ar.d areas of the heated surtace that 
are div or running wet. 

In refe-ence 111, a commuter code is described for calculating ice 
shedding chu^acteristics of kirfoils and other bodv shapes This coue 
include'^ ice shedding tiines and simplified shed ice trajectories.^ . w 
corromes have techniques developed for predict uig ice shapes. beneralU', 
little or no detail on these techniques have been indicated except that at 
Least one companv mentioned that their technique applied onlv to glace 
Imushroom or double homl tcye ice. In other areas ot concern, industr. has 
developed computer codes tor engine nacelle inlets tor oaleuiating i>- 
accretion and heating requirements. 

\U of the 'inalvtical techniques currentLv known that pertain to design 
ar.d m'er-oTTremee of ice orotection svstens are tor conventional svstems ;i.e., 
electrotheimva. hot-air‘. mechvinicai, and freezing teiiierature depressant 
fluidsh In addition, there are not analvtical techniques m t..e literature 
ve: .ivailable for the desrgn or perfoimvance a.nalvsis ot the ^ 

'^vs---s -iich a<^ electro Lmriiise, microwave, icephcbics, anc accu5ti.-ai. .ue^ 
cnlv renorted work oncointercd iti this studv program reive been sore te.isiu.ii- 
itv studies, mostlv related to helicopter rotor blades. 


In li.ijht of the proprietary- nature of the existing codes and the 
expressed desire of the industry for access to such codes, research efforts 
should be undertaken by NASA to improve the availability of existing and new 
codes for industr>" use. This may be done by NASA acting as a clearing house 
for currently available codes and/or developing new codes in-house or through 
contracted efforts. 

ICING ^^IND TUNN'EL TESTING 


It is the concensus of opinion of many experts in the field that icing 
wind tunnel testing has been and still is the best method for determining ice 
accretion rates and ice shapes. The icing parameters can be carefully 
controlled within the tunnel and testing can generally be conducted conveni- 
ently without too many restrictions on weight, power, instrumentation used, 
etc. , e.xcept for the size limits of the facility itself. Therefore, much of 
the research program is directed towards the use of the NASA IRT and a 
refurbished .AhT to obtaining the icing data that meets the needs of the 
general aviation and light transport industry. 

Scale models have aiwavs presented a problem with regard to scaling 
factors to be used for all of the icing parameters. If scale model test 
results could be effectivelv applied ;o full-scale components, large savings 
in time and cost would result bv elL'^nating the need for expensive full-scale 
testing or flight testing in natural ice. Tests using new and current air- 
foils are therefore Lncluded Ln the progpam plan to research this area. 

Tests are also proposed to evaluate the effects of ice accretion on 
aLixiliay- inlets and curved engine inlets. Other proposed icing wLnd tunnel 
tests include flight control surface flutter, wing tail interaction, 
horizontal tail stall, and ice shedding characteristics . .Associated with the 
wind tunnel tests, are investigations of the methods for ice simulation to be 
■used in dip- air testing. 


N.-\S.A SilCRT AN? LONG TERM ICING RTSLARCH FLAN 


RESE.ARG1 ITE^P 

iXiring the course of this studv, a comprehensive search was made of the 
recent literature concerning aircraft icing, [n addition, diOvemment agencies 
,md ladiL^tr.' were sutveved to obtain current aircraft icing data ..ind vlew- 
'"oints on icLng problems. .As the work progressed, miinv areas whore the icing 
techLnolo;y was weak or lacking were uncovered, .Also, new ice protection 
svstems which promise reductions in weight, cost, oi power usage were 
iJent: fied. 


i:: 


These efforts culminated in the foTmuiatioii of a list of research iteins 
that are responsive to the needs of the general aviation and Light transport 
industrv'. Because of their nature, many of these items are responsive to the 
needs of large aircraft and helicopter industries as well. In table XXII is 
the list of the items which resulted, including short descriptions of the tv-pe 
of research program suggested for each one. They are grouped within the table 
bv the general area of studv-, and together, they form the basis for the short 
and long term MASA research program suggested herein. The eight general areas 
of study are listed below, 

1. Instrumentation 

2. Iteteoro logical Efforts for Determining Icing Criteria 

5. Icephobics and .Antifreeze Fluids 

4. Icing Wind Tunnel Testing 

5. Ice Protection Systems Development and Evaluation 

6. .inalvtical Techniques for Prediction/Certification 
Propulsion 

3. Others 


R.A.M\I\'G .A.VD SCHEDULING 

Tlie list of research item.s in table XXII reflects the desires e.xpressed 
bv the general aviation and light transport industr.' in the literature and 
through the sun'ey. However, there was no clear-cut concensus expressed as to 
which' area should be addressed first, other than the general agreement in the 
sur.'ev that a training film for flight in icing conditions would be beneficial. 
.As a result of these vaiyLmg opinions and desires, it is difficult to rank and 
schedule the listed research items in order of importance. In addition, any 
attempt to do so must include other considerations , .such as availability of 
test facilities, funds, program balance, and the need for complementaty' or 
'■■'relLminar.' efforts. For example, the development of staridardized, accurate 
wind turu’.el instrumentation is an effort that would affect ail subsequent wind 
tumel tost work. .Uso, ;inalvtical methods for prediction .and. cert if Lcaticn 
must he verifiable bv te:U results, .ir.d so should follow or be concui-rent with 
related test efforts. 


.A tentati\'o ,'^cbeduiing of the research items described in ‘.able X.XII is 
Presented in fig’ure *5. .A ten vear period is .-hewn, with "siiort term" 
encomras.- mg the first five vears. .uk "I-ang *erm" tiie last five. N.ASA 


pi 'lined facilities improvement. s for 


Icing Research T'.irnel IRT' ,uid tiie 
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tABLE XXII 

SUGGESTED RESEAROI PROGRA>E 




instrumentation 

1, ICING INSTRUMENTATION 

Joint NASA/^ Indus try /Air Force program to develop highly accurate instirmen- 
tation for measuring icing parameters in icing wind tunnels and in airborne | 
I operations behind a tanker or in natural ice. 

I 

1 

j a. '.vind Tunnel Instrumentation to be used as a Standard for 

Calibration of Other Smaller Less Expensive Instrumentation 


Joint NASA' Indus try program to develop highly accurate instrumentation 
for measuring the complete range o£ icing parameters (drop site, distribu- 
tion, LbC, etc.) that ve desired to meet all design and certification needs. 
This instrumentation will be used for calibrating smaller, less expensive i 
airborne t>pe instrumentation and for the development and/or improvement i 
of icing facilities spray ecuipment for artificial icing. | 

J 

b. .Virborne T^•'De Icing Parameter Measuring Instruinentation j 

I 

Joint .N.AS.A' Indus tr.' program to develop inexpensive, durable, and j 

accurate mstrumentaticn tor airborne measurement of icing parameters. ! 
Literature search of all current data on instrumentation and contacts with i 
manutacturers and inventors. Obtain information on principle of operation, | 
reliability', accuracy', parameter :neasured, MTSF* maintenance records , etc. ! 
Test e.xisting Lind new concepts for icing rate, LWC, drop sice/distribution, I 
and OAT; all instrumentation required for icing definition, forecasting, 
and pilot reports. Instrumentation will be tested/calibrated against | 
standard instrumentation developed in (al . | 


^E TFCRObXICii EFFORTS FOR ICING CRITERIA 
1. ICING INTr.NSIT:‘ DEFINITIONS 


Combined interagencm- studv betiveen NAE-\ and F.AA to develop quantitative 
i>-ing lnten.slt^■ .let i. nit ions that con be iTTmediatelv interpreted bv a trained 
pilot .ind applied .o his specific aircraft. Studv should include use and non- 




use of s*:uidardi;ed and calibrated inexpensive instrum.entation isee 
in ccnr.micticn with icing i 

est.ablish quant itat ive icing inren.sitv definitions that could be rronosed as 
an ado It ion to the .-.AR's which dii not 


icing uefiniticns. An objective of the studv would be -o 

ef init i. 

present Iv contain :ir.v sv.c.h definitions. 


’“■le.ir. lime between r.iic.ire 


i:i 


T.ABLE :cai (continued) 


3. COLLECTICN OF ICING CLOUD DATA FOR USE IN CORRELATING ICING 
I P.ARAMETERS FOR FORECASTING, ICING CLiyATOLOGY, AND ICING 

ENVTRDNNENT MODELING 

The Air Force (.AFFDL) has plans (Ref. 125} to instrument a C-130E aircraft 
extensively for obtaining icing cloud data; both standard meteorological 
I measurements and measurements on LWC, droplet size/distribution and ten^era- 
I ture will be made for correlation and relationship to standard weather 
analysis. 

A joint XASAiALr Force effort is suggested here, since the .Air Force plans 
include coimercial aircraft in their icing cloud measurements program. One 
of NASA's functions would be to correlate the measured data for comparison and 
I t^idating of the early NACA data. Program modifications as required, could be 
I made so that sufficient data at Che 1 mver altitudes, which apply to both 
I helicopters and general aviation, would be taken to improve statistical models 
^ in this range. 

» - _ _ I- _ - _ . 

i 4. ITRIFICATTON of IGING ENNTRCNflENT ^DDELS 

I 

I Various models of the icing environment exist presently or are foreseen 
I for the future. Research to expand the data base in order to verify new 
models to be used for design and certification is required. Efforts should be 
; coordinated with the .Air leather Service Organization for measured meteorolog- 
; ical data pertaining to the standard icing parameters. Correlation of 
; statistical data will be required to support theoretical models and identify 
I where more data are required. The research will also help to identify where 
; improvements in forecasting are required. 


5. Mi;eiD ICING CONDITIONS (ICE A.ARTICLES ^ SirPERCOOLED 
W.ATHR PROPLETS} 

Studv of producing and controlling mi.xed conditions in an icing wind \ 

tunnel a.nJ controlling particles formed from droplet freezeout and snow from ! 
ccoli.ng coils. Determine effects on accreted ice for shape and size, densit;.' 
;ind avihesion. Assess reiationshio to natural environment. i 


c. rCEPhOElL dOATINGo SOLID ,V-:p FLUID: FEPliVsENT OR S^IMIPI•F^ ANENT 


Investigate tc.e rind,ir.ental mechani.s::is of ice adhesion, ice fracttire. -md ! 
ice sheddi.'u: ,l".c their relationship with icephcbic mnterial.s for aircraft ice 
nrotecticn. I:v,-’st icate icerhchic m.iterials for wings, prcpeliers. o:tneruiage, 
encine cowl, engine inlets, .md envine coimonent.s. Test far chemical Jecrada- ' 
. tion of nrcrerties, duration, reLiahilitv, limit of icing conditions, and ! 

adh.esion in comhinaticu with ether protection svste;;, or methods. Investigate ■ 

s of heth fluid "octinc" t-.’-e and semirerminont icoidnobics 




an>,: tneir comn.i* ioii if.- wit:i other materials. 


T.-XBLE XXII (continued') 
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I ANTIFREEZE FLUID S^'STEMS 

Investigate alcohols, glycols, etc. for compatibility with various air- 
craft materials. Determine limits of their use, etc. Investigate fuel 
additives for jet-fuels and for carburetor ice protection. Test the same 
additives for JP-1 and for gasoline and their limits of use. J 

- - - - ! , • -I I 

i ICING WIND TUNNEL TESTING ; 

i ■ 

I S. ICING RESLARCd TUNNEL TESTING OF .AIRFOILS | 

; Program to test full size models, full size sections, or scale models of 
j new airfoils, with or without slat and/or flap configurations. Test new 
! Z30XX, OOXX, b-series, new LS, MS, Eppler, supercritical airfoils, and other 
I new airfoils for ice collections rates, collection efficiency, ice shapes, 

I etc. Measure Cl and Cp and determine in a range from .001 to 1.0 for all 
1 the airfoils. Tests should obtain data at angles of attack and ranging from 
I -6° to +16® in la = 4-5® increinents. The ice shapes should be determined for 
; temperatures ranging from to +32°F. Data from tunnel tests should be 

; compared with computer codes to verif>- the codes , and should also be verified 1 
[ by flight tests in natural ice to expand a reliable data base. 

: 0. METHODS FOR ICE SIMULATION iMOULDING, CASTING TECHNIQUES DE\EL0P^E,\T ! 

WITH WAXES, PLASTICS, .ANT) ICE DIELECTRIC SIMULATION) ] 

Research study to develop techniques for making simulated ice shapes for ! 

; dry air tests. Investigate moulding techniques, accuracv' requirements I 

I necessaiv- for simulation for swept/’unswept models, and materials to use. 

I Dielectr'C and other properties for simulated ice accretion on radomes and 
[ ajitennas will be investigated. Investigate methods of attaCiment to aircraft | 
; structure. 1 


10. .■AEKCD'sNAMIC EFFECTS ON .AIRFOILS USI.NG I 

SIMULATED ICE FOR CERTIFICATION ! 

! 

Determine aerod%Tiamic effects on airfoils with sunulated ice shapes, based ' 
on certi fication requirements. Data will improve safety when flight testing ; 
aircraft with ice shapes. Coordinated program of wind tunnel tests will be 
proposed for reducing flight test program scope a.s well. \ 

11. RATE OF SLCCRAlIE OF .ALNILI.-XRY ATR INLETS i VENTS IN ICING 

Develop methods of estimatuag or predicting rate of blockage of aLLxili.in.- ; 
air inlets .ind, cr vents bv ice buildup. Test various sizes and shapes of 
auxiliary' inlets in various icLng conditions to verifv method of prevliction 
.ind tc ascertai.n the e^’venr of the blockage. ' 


J 


TABl£ XXII (continued) 
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r 12. ENGINE INLETS INCLUDING TURBOPROP ENGINE INLETS 

Combined yiASA and industry research program to determine ice protection 
requirements and methods for S- shaped turboprop and other engine air inlets. 
Flow distortion caused by icing and ice shedding in the S-shaped inlet can 
cause engine stall. Explore and evaluate effects of ice accretion and ice 
shedding. 


i 13. FLIGHT COINTROL SURFACE FLHITER 

' Research program to deterrriine vibration and flutter caused by icing on 

i control surface. L'etermine limit tor icing of unprotected surfaces of typical 
i G/A aircraft. This program could be combined with items IS and IS and 
' possibly item 14. Program would be intended to provide additional data base 
j to verify analytical ice accretion prediction methods developed in other, but 
I associated, research programs. _ 

! 14. blNG-T.AIL INTERACTION IN ICING 

■i Test for the interaction between the wing and tail as ice accretes on the 

' leading edge surfaces of both coi.ponents. Measure aero effects of changing 
i angle of attack of wing and tail requirements due to ice accretions. Requires 
I full site (comnlete) aircraft in large wind tunnel facility. How' the L^vC and 
i droplets are affected by flow field and if the LWC get centrifuged out before 
1 it hits the tail , are questions to be addressed. 


i 15. HCRIICNT.U T.AIL 3T.UL .LND ICING 

I 

i Tests of T-tail, V*tail, and conventional tails for aei-o (stall :md 

I pitching moments' characteristics with ice accretions or simulated ice 
j accretions. Limits for allowable ice accretions wi_l be determined by 
; characteristics me;isured for incremental buildup ot accreted ice. 


j 16. SC\LE MODEL ICE TESTING 

Research studv to develop techniques for applying scale model test 
; results to full scale components. Ice tests on both scale and full site 
! models will be accomplished to develop the necessar>- correlation equations. 

; Large .md small wind tunnel facilities will bo utilited m testing. Results 
will be ccrrared with test data from flight tests in natural ice. Verification 
flight tests in natural icing should be coordinated with the test nrogrars ct 
, Items S, 14, and 15. 


ir 


TABLE XXII (continued) 


i:’. ICE SHEDDING INCLUDING UNSWETRICAL SHEDDING OF ICE 
FROM WINGS AND HORIZONT.U STABILIZER 

Investigate the mechanism(s) of ice shedding including natural shedding ^ 
characteristics of wedge shapes. Study the aerodynamic effects of ujisymmetri- 
cal shedding of ice from the wing and/or tail of an aircraft (G/A typical). 

In particular, the roll characteristics (wing shedding) and stability 
nroblems (horitontal stabilizer shedding) should be investigated for various 
1 sizes and shapes of real or simulated ice. Tests can be accon^'lished in the 
I large .AWT (full size aircraft) and on scale models in the IRT. 

i 18. BALANCE HOR.N DESIGN FOR WING/TAIL ICING i 

. I 

Test various designs of balance horns on the movable sections of the ] 

I horizontal and vertical .stabilizers (rudder and elevators) for methods to | 

' prevent ice accretion from interferring with stability and control. Gaps • 

between fi.xed and moving parts , ice shields (heated and unheated) , and heated j 
' leading edges, etc. will be tested. Rubber tab on fixed portion to help | 

; remove ice cn movable portion. j 

I — ~ " ’ ~ ' i 

',19. PNEUMATIC BOOT FUNTtA^ENTUS 

S 

1 Investig:ite new lightweight pneumtic bo^-t systems in conjunction wita , 

I industry' for wings, tail, etc. for conventional locations. Determine j 

■ compatibilitv with other svstems. Determine optimum cycle times, etc. 

‘ Penalties for residual ice accumulation and investigation Ol principles of 
i ice fracturing. | 

'ZD. EN'GINE HE.AT FOR ICE PROTECTION | 

! Determine best method of application of bleed air for anti -deicing , 

' cv'clic, intermittent, etc. Investigate piccolo tube, single skin vs double 
• skin techniques. Evaluate the internal heat transfer coef ficients . Conduct 
i research to determine best use of limited hot air .available from small jet 
' engines. Explore other methods of extracting engine heat for ice protection, 
t.e. , hot engine oil, exhaust gases. .Application of waste heat for ice 
protect ion. 

' :i. NIDV ICE PROTECTION CTSTEM STUDY 

Possible ioint venture be Tween N-\SA and industiv. 
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TABLE XXII (continued) 


i 21. NIW ICE PROTECTION S^'STEM STUD\' [continued) 
a. Electro inpulse 

Evaluate the feasibility of candidate electroirpulse deicing systems 
on airfoil models (wing, tail, and propeller). Determine the design 
criteria and major installation problems. Evaluate the s>’stem 
performance for various icing conditions. .Assess typical weight and 
power requirements , system complexities . 

I I b . Microwave 

Evaluate feasibility of candidate microwave deicing systems on air- 
foil models (wing, tail leading edges and propellers). .Assess the 
microwave system requirements and system coinplexities and the iiistalla- 
tion problems and environmental sensitivities. Evaluate system 
performance under various icing conditions; power requirements, etc. 
Assess limitations of its use; i.e. , what ice sensitive components can 
the system be used with. 


i 22. ICE PROTECTION TRADEOFF STUDIES 

; Develop the methodology required to evaluate systems for weight pov,-er, 

I reliability, availability, cost, maintenance. Eval'oate combinations of 
i systems best suited for typical G/A and light transport type of aircraft, 
j Include instrumentation in total integrated systems. 

I 25. ANTI-ICI.NG CONSIDERATIONS OF COMPOSITES j 

; Research program to evaluate methods of ice protection of airframe and j 
\ engine components made of composite materials. Systems should consider ] 

! electrical and pneumatic boots, electro impulse, microwave, and hot air systems. | 
j Initial investigation should determine where composites will be used on ; 

t leading edges, etc. Study should include the use of carbon fibre leading | 

; edges, the Long term fatigue characteristics when pulse or vibration systems I 

are considered. Tests should be ccnducted to find the thinnest skins 
practical and the thermal characteristics of the materials. The effects of 
antitreete fluids on composite materials should be investigated. 


:A. CetTUTER CODE FOR .AIRFOIL; ICE .ACCRETION 

Develop computer codes .for predicting ice collection ind collection 
efficlenc-’ on airfoils to compare with icing tunnel tests and natural ice 
flight tests Develop rrogram for calculating A./I svstem performnr.ce which 
can also nreuict deicLng characterist ics of marginal .VI sv'stem. 


i:d 
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TABLH .UIi (continued) 


I aS Se®"'’ — 

I With Situation 

flow ftoid, etc., and effect cn^ocL caS emf'*''^' of catch 

^bape r^flUion). tZlTe «f 

p"' ^ 

, iev"Lln;ntir-r 

; of the code is to support t.h^^Sitiari^-''“*^“"^ techniques. The use 
:ieictns system and also to predict the' n) f^°" ^ “i “iti/ 

■ the certification requirements. Justifk-I^?™"“ *■''' system in meeting 
reducec wand ti.mne; and/or flight i^st t " Pto.5t™ "By be through 
prediction and ice Ptotectio?;;:s\:r;e;fT^°g^"-‘ - -e accretion 


: ttonsi:rSe:r ^-t.a. 

: ano/or protective measures. tssessSn? oj ? - * refreete prevention 

^i!!l ^^rticai Stratton ^ n^r^gf|»»,r‘el^.P«ialti.s. Invest!. 

• ... - 


COMPltniR CCDE FOR ICE 


2?. 


dARSLTxHTCR ICING RESLARGI 


_ Research prc^nin to further exp!o-e ••• > a' - -t 

^at.-urecor co-nonents such as the t'^rorM v“'- ‘ -oatuac 

aeposition of ice. Test combined *o prevent the 

a.ex additive to prevent ice deDositicns'\nd'‘^\/!‘ -^’fnpcnont.s and 
'^Loefcai/es. - -^wicns anu u^e cn'stals which fom 


of time for"au1uit‘L"es“^d'i"^"eJ)“Jes™i^ =’’"‘‘‘‘“8 as .a function 


TABLE 'C^ir I, continued) 


r ^ 1 

j 50. JET ENGINE OR F.AN'-JET E.NGINE SPIN-NERS 

; Possible N.-\SA/ industry joint program to investigate the effect of spinner 

I shape on ice buildup. Several engines are unheated because of shedding | 

t characteristics of the configuration (conical) of the spinners. Along with 
j this study irould be a study of the droplet trajectories in the inlet and the | 
i areas of ice accretion on the rotating components. Research could lead to | 

1 reduced penalties associated with engine ice protection systems. Research ! 

1 should be directed toward the development of a methodolog>' for predicting the 
; ice shedding characteristics of spinners with and without the addition of 
t icephobic materials. 

1 OTTIERS 

I ■ ' I 

1 31. COMPUTERIEED D.ATA FILE ON ICI.NG I 

i I 

' NASA :md industn' combined effort to continue adding all literature on j 

' icing to the coinputeriied data file. .-\dd .all old and recent documents from | 

DDC, .\TIS, .N.ASA, etc. .Add bibliographies on general aviation, large transport,; 
and mi’-itaim- including helicopters (.VSTCL) to the file. Improve "lookup" : 

tables 3 f data coding and tec!iniques for reviewing and storing information. | 

Result :ig file would provide u -cr with immediate accessibLlitv' to any or all | 

; icing technolog>’ data. i 

^ — — — — — ^ ■ " '■ ' — 1 

’ 32. TR.AINTNG FILMS FOR tlENER-VL .AM .AT TON PILOTS | 

: Prograin to produce training films for G/ \ pilots. >bvTe films will I 

■ contain latest w to date information on forecastLag techniques, icing detini- , 
' t ions , metro data, safetv procedures tn icing encounters, importance of using ^ 
' .VI svstems providetl, etc. | 


35. ICING TANKER F.Xai.I'Ti' 


Combined \.AS.\, Air Force, ;ind industiv research program directed toward 
■ the im^’rovomont in the desicn of the t;inkor sprav svstems to provide droplet 
sizes IP-Fd’.C'' arr>ro.\imnt ing natural ice conditions, including di.stribut '.on. 
PesigTi ST'izn' rig for miniraxi induced turbulence b'<‘ the rig itself. L.itest 


ret'orts indicate .itterriMs to obtain drop 


; 1 :es 


in "’roner range have been 


,ite. Inst r.rf.entat lon to measure icing parameters in flight 


.uisuccesr-iui to 
.icouratelv, is 

fac i I 1 1 es w i 1 1 be usev 

measure p.iror.eters .ind r.uiges of control of 
conz'ared .vith tanker flight test dat.i. 


v.orr.pine eiiorts 
to test signs oi 


.uth Item 1. N.ABA 


lese nara,meters- 


d tunnel 


1 .' 


STJtiY 


?.«:iLmES : 

! IPT Inprovemencs | 

.■Uc Tunnel Rehabilitation 

laNG I^SrSUENTATICN 
W/T 3td InstTunent Osvelopient 
Airborne Icing .'lea3\i rCTnent Insc 

’■ETECSCUXICAI Hr^CRTS 

Ii.ing incensiev Decimtion 
Verify Icing Environmental Model 
'lixed Icing Conditions 
Data Collection for forecasting 

'SATERIALS OE'.'ELCPIENT 5 rVALCATKDN 
Ice Phobics Cevelonmer.t Effort 
Ice Phobics: Intensifv Effort 
■Intifreeog fluids 

ICING ■VINT) r.TIN'EL TESTING 
.Urfolls 

Sumlited Ice on Airfoils 
Ice Blocksce of Inlets Vents 
Lur.'ed Inlets 

flight Control surfice flutter 
h'ing-Tuil Interiction 
Horicontal I.iii Stoll 
Ice Shedding 

"ethciis for Ice luoulotion 
‘'c-xed Icir.g Conditions 
Scale 'tdel Ice Testing 

ICE fPCTECnCN TfSTECS 

lev Svstarr: licrovave, S. '' Irrulse 

Jaionce non design 
3oct Fundanentols 
Trade 5 todies 

Application to Advanced Corposites 
Er. g ine Heat 

Vdd.. lETIGCS ftp fRiricTITV .dPTIf. 
lirfoil Ice Vccretion 
I-o Ice iccretion 
Iroixid frost Accimlatun 
Virfoil Ice fhcires 
Ice Shedding C'.arictsrist ics 
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Altitude Wind Tunnel (AWl'} are shown first, since naich of the subsequent 
effort is predicated on their availability. Note that .WT rehabilitation will 
not be coinpleted until the 1987 fiscal year, and as a result, several full or 
large-scale Tnodel test programs are scheduled after that date. 

The two areas listed first in the program plan concern instrumentation 
and meteorology. Both of these areas have already been discussed above, and 
their importance can be sunmarized thusly: Cl) development of highly act^rate 

and/or calibrated instrumentation is required to establish quantitative icing 
intensity data for immediate use in forecasting, aiid to accurately quantify 
the results of the wind tunnel and flight testing outlined later in the 
program, and (2) meteorological efforts are required in order to improve the 
accuracy and efficiency of forecasting and to utilize the improved instrumen- 
tation in gathering data which will update icing environment models which 
could allow increased aircraft utilization. 

In the next area of research, icephobics development is shown as an 
ongoing effort. It is recommended that icephobics research shoi^d be carried 
on at a noderate level until a promising icephobic material family is 
identified. At this point, research should be intensified to develop an ice- 
phobic that can be applied to wings, propellers, empennage, engine cowls, 
engine inlets, etc. IVhat is most attractive about an icephobic is that it 
comprises a "passive" system which can easily be applied to existing aircraft, 
is low in weight, and hopefully, will be of low cost. If a highly effective 
icephobic could be quickly developed, then the goal of increased aircraft 
utilization in icing environments would be more easily attainable. 

.As far as icing wind tunnel testing is concerned, the plan is laid out in 
order of the items which industry felt are needed first, except that full- 
scale aircraft or large-scale model testing is deferred until the AWT rehabil- 
itation is complete. The short term needs are to provide icing data on the 
newer airfoils - both accieiion and penalty data. Wing-tail interactions, 
horizontal tail stall, and ice shedding research should utilize the large wind 
tunnel. Scale model testing will require the use of both the IRT and the .AWT, 
and if this research study is successful, it would allow future scale model 
test results to be applied to full-scale components with confidence, reducing 
the need for expensive and time consuming full-scale testing or flight testing 
in natural ice. Wind tunnel test results will xlso be used to validate 
anaIvTical models developed concurrently or after testing is completed. 

Included 'under ice protection systems is an effort to develop new svstems 
such as those utilizing microwave and electromagnetic impulse principles. 

These tepes of systems are not reach' for application right now and will 
probably not be in universal use for a good many rears. It has been estimated 
that it would take up to eight years to fully develop a system such as the 
microwave svstem (reference 1311. However, because of the potent iallv 
substantial payoffs to the class of aircraft under studv, it would .lonoar wise 


to be'^in studying these systems urmediately. carr>^ing on their study into the 
long term phase of the research plan. Results of initial development e 
for these systems would be available for use in the systems trade study effort 
proposed later in the progTam. 


Short term research studies should be carried out in the areas of balance 
horn design, boot fundamentals, improved waste engine heat utilization, etc. 
There has been an indication that trade studies of the various syste^ would 
be of use to the industry, and these have been scheduled to follow ^ 

previously mentioned svstem studies. Advanced composites are being utilize 
more and more bv military and large aircraft manufacturers. However, for the 
general aviation and light transport sector, systems compatible with advanced 
composites do not currently pose a pressing urgency, and have been deferred in 
the program to cross over from the short to the long term. 


.Analytical techniques involve prediction models for ice accretion, ice 
shapes, and penalties. In the program plan, it was decided that model 
development of ice accretion and ice shape prediction for the new and future 
generation airfoils should not be undertaken until verification data are 
generated in the wind tunnel. Three-dimensional ice- accretion models would 
follow after development of the two-di,mensional ice accretion codes. 


■Analytical studies and model development of the aerodynamic effects of 
ground frost accumulation, as' well as ice shedding characteristic studies, 
require correlation with data taken in the .AhT, and so are scheduled as long 
term research items . 


In the area of propulsion, the carburetor icing study is of great 
utportance to the general aviation class of aircraft, and has been scheduled 
for the short term. T!ie use of passive spinners on engines to shed ice and 
the fact that some engine shedding characteristics are not fully understood, 
comprise a research study area to follow into the long term. 


The remaining efforts ("Cthers”'! are shown in the plan schedule to occur 
Ln the short term. .A computericed icing data file would contain bibliograph- 
ies and d.ata on icing from .SASA, DDC, N'HS, and the general literature. This 
file would he available for interrogation bv all interested parties when 
addressing their problems concerning icing or during the course of the 
subsequent efforts detailed in the plan. .A training film on aircraft icing 
was'uriiversalLv' accepted as a sound idea, and early production of that film 
would be in order for trainir.g of general aviation ajid light transport pilots. 
A longer term effort would entail a joint effort of .\.ASA and others, to 
i.mprove tanker sprav systems for use an flight testing for development or 
certific.ation. Tlus effort :ind several others rnav rev.;uire the use c: large 
facilities, uid thus is forced uito t.he longer term. 


FUNDING SEQUIRENENTS 


The funding requirements for each of the listed research items are 
difficult to define. They are highly variable since so much depends on the 
specific statement of work that is finally developed for each item. For 
exaji^le, a statement of work for the development of a computer model could 
include the following tasks: 

1. Develop equations which define the problem. 

2. Write the computer program 

a. using a specified computer language. 

b. for use with specific computing system (e.g. , IBM, GX, etc.). 

c. interfaceable with other existing codes. 

3. "Debug" and perform specified test cases. 

4. Verify accuracy using existing analv'tical or test data. 

5. Document and prepare a "User's Manual." 

6. Costs for "computer time." 

In addition to the above, tasks must be added for administrative 
purposes , such as : 

L. Interim and final reporting (technical and financial). 

2. Oral presentations with attendant travel requirements. 

3, Final report publication and reproduction. 

The complexity of the phenomenon being modeled will be a rrvajor factor for 
determining t.he scope and cost of the effort, but all the above factors will 
also be contributors ard can sometimes :niignifv this cost. Hie sponsoring 
agencv c:m thus affect scope bv controlling requirements for what the program 
:nust accomplish, bv establ i.shing reasonable accuracy ccnstraints , providing ui 
reduced form the da ‘a to be used for verification, and miniating admini .-^tra - 
tive requirement.^ , where feasible. 

For the purposes of the program plan, each analytical effort was assumed 
to ceramd one to rwo-'?o.n effort . at a co.st cf about Sdn.oiiii per nan- ocar. A.-:; 
noted above, this fig’.ire is vaiiable. depending on the technical 'ind 
admin ist r-at I'.e rt'qu i roment.s . 


1 '?; 


Wind tunnel testing is another research area where costs uan 
variable In addition to the administrative tasks discussea above 
test program would also include the following technical tasks : 


be highly 
, a t>"pical 


1. Detailed test plans (run schedule and test conditions). 


2. Design of test model to specified scale. 

3. Fabrication (including material costs). 

4. Wind tunnel tests. 

a. Coordination and facilitv scheduling. 

b. Model installation. 

c. Instrumentation and recording equipment. 

d. Tunnel operating costs. 

e. Travel ind accommodation of test team personnel. 


3. Data reduction and anal vs is. 


0 . 


Final reoort oreparation. 


TWO of the naior cost contributors to such an effort are the model desi^ 
and fabrication and the testing acrivitv itself. Th^e scope of the ettort wi 
be affected bv the scale and coim)lexitv of the modeU the instrumentation^ 
re<.iuirements :i.e., number and t>-pes of measurements; , and the number ot test 
conditions and data points required. Test costs con be as much as several 
thousand dollars per hour of actual test time, and while much ot the testing 
would occur In the N.-\S.i icing wind tunnels, this cost must be accounted tor in 
determining the funding requirements for anv prolonged test activitc. .\s an 
ex.imnle of these costs, a modcratelv sired 120 hour dry air wind tiJinel test 
nrognim on a 0.1-.scale complex nacelle inlet was reccntlv priced at aocut 
5400 , 000 , including wind turjiel costs. 

hsti-ated maiding rtxiuirements for the progr.im are presented in figure 
30. Some of the research items are neither tost programs or rwdel :evelcr- _ 
nents ,md are more difficult to cost out. Iheir acfu.il costs will also depend 
on the final work rackages, but estimates are rreseute.1 anmvav, basev, on tne 
finding aotivitv winch is felt apprcpriate relative to the other prognims. 

Note that tn.e u-x'imts ire given in I.'SC dollars. 


ust live 


?ars with. in. 


cent inflation rate. 


dollar^ 


-.11 . 


trans late 


late to il4o,03 
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Inc^dentallv in .Appendix .A o£ X.-\SA-CP-2086 (X.ASVF.AA Workshop on 
Aircraft* Icing, reference 35), the S.AE Icing Research Panel concluded that 
^he cost of work packages required to meet research requiremen s eo - 

V2 million to 2 million in 19o dollars, ^ese costs are not unlike 
what are estimated here. Further, in F.AA-ED-04-- (reference 1--) . ^ 

"Helicopter Operations Research and Development Plan," ^ 

various efforts in icing research during a five year span. -As it turns out, 
Z vZ vfarlv totals are in the sa^ ball park, although rationales are not 

presented to back up their estimates. The "niif 

funding of about $2,-00,000 per year is required during 198. and lS8o. 

compares to the $2,450,000 and $2,760,000 presented in figure o6. 

These cost figures are to be regarded as relative numbers to compare one 
nrograip. with another and are in no way absolute values. Changes in the 
LifLtion rate, more e.cplicit detailed infoimation on individual 
scientific breakthroughs, etc., could all change these estimates in a dramatic 



l.st iniiited ruiidinj; r^icuis in 'Hionsands of 1980 Dollars 


Section \1 


CONCLUDING REMARKS 


This research study ha^ identified the requirements for a research and 
development program to meet the needs of thj light transport and general 
aviation industry. During the course of the study, the present icing 
technology data base including arialytical techniques and* facilities generally 
available to the industry has been assessed. Nfany areas where the data base 
is weak or none.xistent have been revealed and it is these areas which have 
been addressed in t.he research programs suggested herein. .Along with the 
suggested research programs, there are a number of general and specific 
conclusions that can be reached as a result of this study as follows: 

1. It is the consensus of opinion of the majority of icing experts that 
there is a need for a great deal of work with respect to the light 
transport and general aviation aircraft categories icing operations and 
certifications, specifically in the areas of: 

a. Icing intensity definitions. 

b. Improvement and updating of F.AR IS envelopes to include specific 
flight operational characteristics of general aviation as well as 
those of transport categor>' aircraft. 

c. Icing weather lorecastLng, including real time reporting. 

d. Certification of aircraft on a basis other than "all or nothing," 
i.e., partial certification for flight under limited icing 
conditions. 


Standardication of icing certification requirements for specific 
t\pes of aircraft. 


Any effort to expand the utilization of light transport and general 
aviation ^aircraft (.where this can be interpreted to mean an increased 
number of ijiadvertent or deliberate penetrations of icing conditions!, 
makes mandatom.- the requirement for improving t.he skills^ind knowledge 
or^t..e pilot, crew wnth regard to the nature and hazards of aircraft ' 
icing. .Also required is a thorough laiderstanding of the iLmitations of 
his particul.ir aircraft .and ice protection .svstem.s provided, in the 
i'-ing vOnditions torecastec. and or encountered. 
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3. Tlie short cem and long term research plan list of specific research 
requirements will provide NASA LeRC with a basis for an overall icing 
research program to meet national needs. It is recoiranended that the 
NASA LeRC incorporate the suggested research prci^ttam for light transport 
and general aviation into their overall icing r'>f-earch program. 

A. >fany of the research requirements outlined in the program contribute to 
the need for the rehabilitation of the NASA LeRC AWT with icing research 
capabilities. As a result, rehabilitation of the NASA LeRC IRT and AOT 
facilities is reconmended . The improvements and additions suggested in 
section IV are to be considered in this recommendation. 

5. There is a general consensus of opinion that the NASA LeRC should be the 
center of aircraft icing expertise for basic research and consultation 
and should act as a clearing house for exchange of information for 
industry involvement. However, it is also recommended that NASA LeRC 
have an input to the Air Force (.AFFDL] : ;-.ing programs to achieve mutual 
benefits ^and savings to both agencies. It is recommended that these 
joint efforts be in such technology areas where AF facilities and 
experimental work will augment the NASA programs, particularly in low 
altitude climatology and instrumentation. 

6. The Mark IV computericed data management file was successful in that it 
provided a means to effectively retrieve reference materials as required 
to accomplish the program tasks, as well as providing for a bibliography 
of icing techno log\' information. Further development of the Mark IV or 
Similar computer management file is recommended in order to realize more 
full) the total capability of the system in providing a means of storing 
and retrieving icing technolog)^ data at all levels of detail. 
Particularly, the file should be structured so that specific Infoimaticn 
found in the literature may be retrieved through file interrogation in 
output formats acceptable for direct use in reporting. 

The results of the study indicated that from a purely technical stand- 
point (involving ice protection system methods, ice sensitive components, 
I'.-e accretion, etc.} there is very' little difference between the research 
requirements for light transport and general aviation aircraft, and anv 
other tvpe of fixed wing aircraft except in two maior areas of 
difference: 


a . Physical d i f f erenc e s , 


.Pperationai c.haracteristics including altitude, scheduled/ncn- 
scheduled routes, crew training, aircraft sue, and icing 
exposure. 


> - I 


unerg)' or power level? available for aircraft ice protection 
subsvst'Cms. 






3 


141 ) 


b. Nonphysical, regulator^' (see ^,o. 1, Conclusion). 

(Ij F.\A i-ules and regulations on certification, including F.AR 25, 
Appendix C envelopes are not tailored to meet operational 
characteristics of general aviation type (i.e. , no allowances 
for partial certification, etc.) 

(2) Low altitude climatology and statistical models, real time 
forecasting, and quantitative icing definitions need more 
specific direction towards general aviation. 

The program that has been presented includes research specifically 
oriented towards general aviation aircraft as well as research which is 
applicable to aU classes of aircraft. 

8. The assessment of new and/or potential concepts for ice protection 
systems revealed the existence of such concepts as microwave and electro- 
impulse deicing systems which in theory will provide great savings in 
cost, weight, and power for ice protection. It is recommended that 
further research is warranted and should be conducted on these concepts 
to determine their feasibility for application to light transport and 
general a\i.ation aircraft. 

9. The study revealed the need for considerable new research to be conducted 
in the general area of icing instrumentation for both airborne and icing 
wind tumel application. Specifically, it is recommended that research 
be directed towards the development of highly accurate instrumentation 
for measuring icing parameters, i.e., LiVC!, droplet sice/distribution, 
etc. for all ranges of values, to ser\'e as an ijidustry standard. 

10. It is recommended that improvements to the M'.SA LeRC IRT Facility include 
modem standardized Lnstrumentation recording and data reducing 
(processing) equipment. 


Section VII 
APPENDICES 
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.APPENDIX B 

LOOKUP T.ABLES OF CODES 
USED IN ICES'G RESEARCH DATA FILE 


3-1 


000 

001 

002 

003 

004 

005 

006 

007 

008 
C09 
010 
100 
110 
111 
112 
113 
IK 

. 115 
, 116 
. 117 
. 119 
. 119 
. 120 
. 121 
. 122 
. 123 
. 124 
. 125 
L 126 
L 127 
L 128 
L 129 
L 130 
L 131 
L 132 
L 133 
L 134 
L 135 
L 136 
L 137 
L 138 
L 139 
L 140 


TABLE OF ICE SENSITIVE COMPONENTS 

COMPONENT NAME OR COWSNTS* MAJOR PROBLEM 

simple 06SCRIPTI0N ^ 

B DOES ICE FORM 

C IS 1 T A PROBLEM* WHY 

NONE LISTED 

aircraft engines* general 


JET ENGINES 
A MAIN INLET 


B BLOW IN DOORS 


A PRIMARILY MUSHROOM ON INLET LIP. 

NO NOOULES ALONG LENGTH RUNBACK IF 
heated, heavy FORMATIONS ON PRO 
TUBERANCES . 

B GROUND subcooled CONDITIONS 

INFLIGHT SUBCOOLEO CONOITIGNS 
C ICE SHEDDING IS MAIN PROBLEM 
SCWE LOSS IN POWER 


A LEADING EDGE WHEN OPEN 
SLUSH ICE COULD BE HEAVY 
ICE ON EDGE* SEALS 
B GROUND ONLY TAXI SLUSH 

OTHERWISE LIGHT IN SUBCOOLEO COND, 
C BLOCKAGE FROM SLUSH CANNOT 

close doors 


inlet noise suppression 

A NO FORMATION OF 


NO FORMATION OF ICE FROM DIRECT 
114* INGEMENT. NOISE SUPPRESSION 
IS accomplished by COATING DUCTS 
ground RUNUP FREEZING RAIN L FROST 
ICE SHEDDING INTO ENGINE 


0 NOSE CAPS 


TABLCL 1^1 
TA8LCL 1A2 
TABLCL K3 
TABLCL 144 
TABLCL 145 
TABLCL 146 
TABLCL 147 
TABLCL 148 
TABLCL 149 
TABLCL 150 
TABLCL 151 
TABLCL 152 
TABLCL 153 
TABLCL 154 
TABLCL 155 
TABLCL 156 
TABLCL 157 
TABLCL 158 
TABLCL 159 
TABLCL 160 
TABLCL 161 
TABLCL 162 
TABLCL 163 
TABLCL 164 
TABLCL 165 
TABLCL 166 
TABLCL 167 
TABLCL 169 
TABLCL 169 
TABLCL 170 
TABLCL 171 
TABLCL 172 
TABLCL 173 
TABLCL 174 
TABLCL 175 
TABLCL 176 
TABLCL 177 
TABLCL 178 
TABLCL 179 
TABLCL 180 
TABLCL 181 
TABLCL 192 
TABLCL 183 


A PRIMARILY MUSHROOM AT MGSE 
B SAME AS MAIN INLET 
C SAP€ AS MAIN INLET 


E SCREENS 

A ALL FORMS AT EACH WIRE 
B GROUND RUNUP* TAXI, FLIGHT, ETC. 

C ALMOST immediate BLOCKaGE DUE TO 
CLOSE SPACING. EXTREME THREAT TO 
AIRCRAFT SINCE ALL ENGINES FAIL 
SIMULTANEOUSLY 


F inlet guide vanes 

A PRIMARILY MUSHROOM ON LEADING 
EDGES, BRIDGING POSSIBLE 
B GROUND RUNUP, TAXI, FLIGHT, ETC. 

C CAN HAVE BLOCICAGE IN SHORT PERIODS 
SHEDDING, JAMMING CAN CAUSE COMP 
STALL, interference WITH ROTOR 
BLADES. 


G ROTOR BLADES 


A 

SAME 

AS 

160F 

B 

SAME 

AS 

160F 

C 

SAME 

AS 

160F 


H FRAME STRUTS 

A PRIMARILY MUSHROOM ICE ON ThE 
STRUT leading EDGES 
B generally in FLIGHT 


B-3 






r 

[ 


TA8LCL 

184 

C 

TABLCL 

185 


tablcl 

186 


TABLCL 

187 


tablcl 

188 


Tablcl 

189 


TABLCL 

200 

FANJET ENGINES, HIGH 

tablcl 

210 
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219 
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TABLCL 

221 
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TABLCL 
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Tablcl 

226 
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tablcl 
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TABLCL 
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TABLCL 

229 


TABLCL 

230 

C BYPASS 
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231 
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tablcl 

232 


Tablcl 

233 
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tablcl 

234 


tablcl 
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TABLCL 

236 
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TABLCL 
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TABLCL 
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TABLCL 
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tablcl 

300 

TURBOPROP ENGINES 

tablcl 

310 

A APPR ITEMS FROM ICO 

tablcl 

311 

A 

TABLCL 

312 

B 

tablcl 

313 

C 

TABLCL 

314 


tablcl 

315 
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TABLCL 

317 


TABLCL 

318 


T*BLCL 
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DAMAGE FROM SHEDDING# DECREASING 
ENGINE TORQUE. INCREASED FUEL 
FLOW 


BYPASS 

APPR FOR ITEMS FROM 100 
A# B# C« 0» Ft G 


PRIMARILY MUSHROOM LE OF FAN BLADE 
ABiO HEATING AT TIPS 
GROUND WITH ADIABATIC EXPANSION, 

C SJBCOOLED CLOUDS DURING GROUND 
taxi 6 flight CONDITIONS. 

SHEDDING# stall# ASYMMETRIC LOADING 
AND ENGINE ROUGHNESS. 


LIGHT ICING AT TURNS# SPLITTERS# 
ETC. 

SAME AS fan EXCEPT THAT FAN PRESS. 
RATIO PROVIDES SOME ADIABATIC 
HEATING, 

NONE IDENTIFIED TO OATF. 


A# 0# F» G« H 
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TABLCL 320 
TABLCL 321 
TA8LCU 322 
TABLCL 323 
TA8LCL 324 
TABLCL 325 
TaBLCL 326 
TABLCL 327 
TABLCL 328 
TABLCL 329 
TABLCL 330 
TABLCL 331 
TABLCL 332 
TABLCL 333 
TABLCL 334 
TABLCL 335 
TABLCL 336 
TA9LCL 337 
TABLCL 338 
TABLCL 339 
TABLCL 340 
TABLCL 341 
TABLCL 342 
TABLCL 343 
TABLCL 344 
TABLCL 345 
TABLCL 346 
TABLCL 347 
TABLCL 348 
TABLCL 349 
TABLCL 350 
TASlCL 351 
TABLCL 352 
TABLCL 353 
TaBLCL 354 
TABLCL 355 
TABLCL 356 
TABLCL 337 
TABLCL 358 
TaBLCL 359 
TaSLCL 360 
TABLCL 361 
TABLCL 362 


B PARTICLE SEPARATORS 

A ICE FORMATION DEPENDS UPON TYPE OF 
SEPARATOR, MULTIPLE INLETS COLLECT 
ICE AT inlets and CENTER DIVIDER 
IN THE FLOW CHAIN 
B GROUND RUNUP, FREEZING RAIN AND 
FROST GENERALLY IN FLIGHT. 

C BLOCKAGE OF THE AIRFLOW PATHS 
WOULD OCCUR RAPIDLY FOR SOME 
DESIGNS. 

C SCREENS 

A ICE FORMS AT EACH WIRE 
B GROUND RUNUP, TAXI, FLIGHT, ETC, 

C ALH3ST IMMEDIATE BLOCKAGE DUE TO 
CLOSE STAGING, EXTREME THREAT TO 
AC SINCE ALL ENGINES CAN FAIL 
SIMULTANEOUSLY. 


A PULL PROPELLERS 

A ICE FORMS NEAR HUB ON LE OF BLADES 
AERO HEATING AT TIPS, 

B GROUND RUNUP, TAXI, INFLIGHT. 

C MAY CAUSE UNDUE VIBRATION. 

SHEDDING CAN CAUSE DAMAGE TO AC 


B PUSH PROPELLERS 

A SAME AS PULL PROPELLERS EXCEPT 
that BLADES CAN PE DAMAGED BY 
UPSTREAM ICE SHEDDING. 

B SAME AS PULL PROPELLERS 
C SAME AS PULL PROPELLERS 


C ENGINE COWLING 

A MOSTLY MUSHROOM ICE FORMS ON LE QF 
COWL WITH RUN9ACK IF HEATED 


B-5 


TABLCL 

363 



B 

TABLCL 
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600 


PISTON ENGINES 


TABLCL 

610 

A 

ENGINE COWLING 
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A 

TABLCL 
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B 

TABLCL 

614 



C 

TABLCL 
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TABLCL 
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TABLCL 

617 




TABLCL 

618 




TABLCL 

619 




TABLCL 

620 

B 

CARBURETOR 


TABLCL 

621 



A 

TABLCL 

622 




TABLCL 

623 



B 

TABLCL 

626 




TABLCL 

625 



C 

TABLCL 

626 




TABLCL 

627 




TABLCL 

628 




TABLCL 
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TABLCL 

630 

C 

PULL PROPELLERS 


TABLCL 
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A 

TABLCL 

632 



a 

TABLCL 

633 



c 

TABLCL 

636 




TABLCL 

635 




TABLCL 

636 




TABLCL 
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TABLCL 

630 




TABLCL 

639 




TABLCL 

660 

0 

PUSH PROPELLERS 


TABLCL 

661 



A 

TABLCL 

662 



B 

TABLCL 

663 



C 

TABLCL 

666 





SAME AS WITH JET ENGINE 
ICE SHEDDING IS MAIN PROBLE^’ 


mostly mushroom ice forms on 

COWL LE 

GENERALLY INFLIGHT 
ICE SHEDDING AND STRIKING OTHER 
COiPONENTSf BLOCKAGES 


MOSTLY CONDENSATION OF WATER FROM 
AIR INTAKE 

□N GROUND IN FROST CONDITIONS IN 
FLIGHT DURING DESCENT TO LAND 
FREEZE IN JETS CAUSING ENGINE 
STALL. ICE CAN FORM AT ABOVE FREEZ 
ING AMBIENT CONDITIONS 


SAME AS WITH TURBOPROP ENGINES 
SAME AS WITH TURBOPROP ENGINES 
SAME AS WITH TURBOPROP ENGINES 


SAME AS WITH TURBOPROP ENGINES 

SAi« AS with Turboprop engines 

SAME AS WITH TURBOPROP ENGINES 


T4BLCL 449 
TABLCL 446 
TABLCL 447 
TABLCL 448 
TABLCL 449 

TABLCL 900 AC INST NOT ICING 

TABLCL 910 A PITOT STATIC TUBE 

TABLCL 5U 

TABLCL 912 

TABLCL 913 

TABLCL 514 

TABLCL 515 

TABLCL 916 

TABLCL 517 

TABLCL 519 

TABLCL 520 B ALT t ROC ORIFICES 

TABLCL 521 

TABLCL 522 

TABLCL 523 

TABLCL 524 

TABLCL 525 

TABLCL 526 

TABLCL 527 

TABLCL 529 

TABLCL 529 

TABLCL 530 C TAh VANES 

TABLCL 531 

TABLCL 532 

TABLCL 533 

TABLCL 934 

TABLCL 535 

TABLCL 536 

TABLCL 537 

TABLCL 530 

TABLCL 539 

TABLCL 940 0 TOTAL HEAD PROBE 

TABLCL 941 

TABLCL 542 

TABLCL 543 

TABLCL 944 

TABLCL 545 

TABLCL 946 

TABLCL 547 


A ICE forms ON PITOT HEAD OR HAST OR 
INSIDE SENSING LINES 
6 ON GROUND FROM FREEZING RAIN» COND 
IHPACT ICE IN FLIGHT, FREEZING IN 
LINES DURING CLIMB TO ALTITUDE 
C CAUSES ERRONEOUS READINGS IN INST 
USING PITOT STATIC PRESSURES 


A ICE FORMS AT ORIFICE INLET OR 
INSIDE SENSING LINES 
B ON GROUND FROM FREEZING RAIN, COND 
INFLIGHT FROM IMPACT OR RUNBACK 
ICE 

C CAUSES ERRONEOUS INDICATIONS OF 
ALT C ROC 


A MOSTLY MUSHROOM ICE FORMS ON LE OF 
VANE t VANE ARM 
B GENERALLY IN FLIGHT 

C CAN CAUSE ERRORS IN INST SENS ING, I E , PROB 
-LEMS WITH STALL WARNING SYSTEMS 


A 5Af€ AS PITOT STATIC TUBE 
B SAME AS PITOT STATIC TUBE 
C SAME AS PITOT STATIC TUBE 


I ii > 






548 

549 

550 

551 

552 

553 

554 

555 

556 

557 
550 
559 
600 
610 
611 
612 
613 
61 <^ 

615 

616 

617 

618 
619 

621 
, 622 
, 623 
. 624 
. 625 
. 626 
. 627 
. 623 
. 629 
. 630 
. 631 
. 632 
» 633 
. 634 
. 635 
. 636 
. 637 
L 638 
L 639 


E TOTAL TEMP PROBE 


FUSELAGE 
A MINOSHIELO 


A mostly mushroom ice forms OM TOTAL 
T&1P PROBE 

8 GENERALLY INFLIGHT 
C ICF ON SENSOR WILL CAUSE ERROR IN 
AIR TOTAL TEMP MEASUREMENT 


A ANY TYPE OF ICE MAY COVER SURFACE 
OF WINDSHIELD 

B ON GROUND, FREEZING RAIN, FROST, 
ETC .TAXI , INFLIGHT FROM IMPACT ICE 
C OBSCURES VISION OF THE CREW 


B WING/FUSE JUNCTURES 


STATIC VENTS 


A SAME AS A WING EXCEPT AT THE FUSE 
WHICH MAY BE CLEAR WHEN BLENDED 
BODIES ARE USED. 

B SAME AS WING 

C ICE SHEDDING TO hORIZ STAB OR 
ENGINE INLETS WHEN SIDE INLETS 
ARE USED. 


BREATHER TUBES 

A NO FORMATION UNLESS FACING FORWARD 
EXCEPT FOR FREEZING RAIN. RUNNING 
WATER CCULD ENTER VENTS, FREEZE 
B ON GROUND, LOW AIRSPEEDS 
C DEPENDS ON VENT FUNCTION 


TABLCU 

tablcl 

TABLCL 

tablcl 

tablcl 

tablcl 

TABLCL 

TABLCL 

tablcl 

TABLCL 

TABLCL 

TABLCL 

tablcl 

TABLCL 

Tablcl 

tablcl 

tablcl 

tablcl 

tablcl 

TABLCL 

TABLCL 

TABLCL 

tablcl 

tablcl 

TABLCL 

tablcl 

TABLCL 

TABLCL 

tablcl 

TABLCL 

TABLCL 

TABLCL 

TA81CL 

TABLCL 

tablcl 

TABLCL 

TABLCL 

TABLCL 

TABLCL 

TABLCL 

TABLCL 

TABLCL 

tablcl 


640 0 SCOOPS 

641 

642 

643 

644 

645 

646 

647 
643 

650 E DRAIfAS 

651 

652 

653 

654 

655 

656 

657 

658 

659 

660 F OTHER JUNCTURES 

661 
662 

663 

664 

665 

666 

667 

668 

669 

670 G ANTENNAS 

671 

672 

673 

674 

675 

676 

677 

678 

679 

680 H RAOOMES 

681 
682 


A ICE FORMATION ON LIP LE OF SCOOP. 

INTERNALLY IN DXT BENDS 
B GROUND RUNUP. TAXI, PRIMARILY IN 
FLI GMT 

C REDUCE OR CLOSE OFF AIRFLOW 


A ICE formation AT DRAIN OUTLET AND 
DRAIN LINE 

6 FREEZING RAIN, FOG, OR CONO ON 
GROUND. IMPACT ICE RUN8ACK 
INFLIGHT 

C CLOSE OFF OF DRAIN OR CLOGGING OF 
LINES 


A ICE FORMATION DEPENDS ON CONFIGUR 
-AT ION OF JUNCTURE. SAME AS WING 
FUSE IN SOME CASES 
B SA^€ AS MING FUSE 

C ICE SHEDDING 0 AM AGE , INCREASED DRAG 


A primarily MUSHROOM ICE ON LE OF 
ANTENNA AND MAST 
B GEI«RALLY INFLIGHT 
C SHEDDING DAMAGING OTHER AC COMPO 
-NENTS. DEGRADATION OF ELECTRONIC 
EQUIPMENT PERFORMANCE 


A MUSHROOM 
RADQME , 


ICE ON NOSE/SIDES OF 
FREEZING RAIN 
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TABLCL 683 
TA9LCL 68<* 
TABLCL 665 
TABLCL 686 
TABLCL 687 
TABLCL 688 
TABLCL 639 
TABLCL 690 
TABLCL 691 
TABLCL 692 
TABLCL 693 
TABLCL 694 
TABLCL 695 
TABLCL 696 
TABLCL 697 
TABLCL 698 
TABLCL 699 
TABLCL 700 
TABLCL 710 
TABLCL 711 
TABLCL 712 
TABLCL 713 
TABLCL 714 
TABLCL 715 
TABLCL 716 
TABLCL 717 
TABLCL 718 
TABLCL 719 
TABLCL 720 
TABLCL 721 
TABLCL 722 
TABLCL 723 
TABLCL 724 
TABLCL 725 
TABLCL 726 
TABLCL 727 
TABLCL 728 
TABLCL 729 
TABLCL 730 
TABLCL 731 
TABLCL 732 
TABLCL 733 
TABLCL 734 


I EO WINDOWS 


TAIL SURFACES 
A HORIZONTAL 


B ELEVATOR 


C VERTICAL 


B GENERALLY INFLIGHT 
C SHEDDING AND DAMAGING ENGINE/AC 

ccmpon::nts. degradation of radar 

Pe^FORMANCE 


A SAME AS WINDSHIELD 
a SAME AS WINDSHIELD 
C DEGRADES PERFORMANCE OF ELECTRO 
OPTICAL EQUIPMENT 


A PRIMARILY MUSHROOM ICE ON LE 
B FREEZING RAIN, FROST ON GROUND 

generally inflight 
C INCREASES DRAGt REDUCES CONTROL 

Al'C stability 


A ICE ON surface, PRIMARILY IN HINGE 
flB HnSM 

B FREEZING RAIN, FROST ON GROUND 
LIGHT 

C INCREASE DRAG. BLOCK MOVEMENT OF 
elevators REDUCING CONTROL OF AC 


A PRIMARILY MUSHROOM ICE ON LE 
B GE^€RALLY INFLIGHT 
C INCREASES DRAG AND STALL SPEED 
MAY REDUCE CONTROL AND STABILITT 
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I 


1 


TA8LCL 735 
TA6LCL 736 
TA6LCL 737 
TABLCL 738 
TABLCL 739 
TABLCL 7A0 
TABLCL 7AI 
TABLCL 742 
TABLCL K3 
TABLCL 74V 
TABLCL 745 
TABLCL 746 
TABLCL 747 
TABLCL 748 
TABLCL 749 
TABLCL 750 
TABLCL 751 
TABLCL 752 
TABLCL 753 
TABLCL 754 
■ TABLCL 755 
TABLCL 756 
TABLCL 757 
TABLCL 758 
TABLCL 759 
TABLCL 760 
TABLCL 761 
TABLCL 762 
TABLCL 763 
TABLCL 764 
TABLCL 765 
TABLCL 766 
TABLCL 767 
TABLCL 768 


0 RUDDER 


E T - TAIL SURFACES 


F V - TAIL SURFACES 


TABLCL 769 

TABLCL 800 WINGS 

TABLCL 9l0 A SWEPT C STRAIGHT 

TABLCL 811 
TABLCL 812 
TABLCL 313 
TABLCL 814 
TABLCL 815 
TABLCL 816 


A NO impact formation, may GET ICE 
IN HINGES FROM RUNBACK WATER 
B ON GROUND FROM FREEZING RAIN OR 
FROST GENERALLY NOT INFLIGHT 
C REDUCES CONTROL AND STABILITY 
MAY BLOCY RUDDER MOVEMENT 


A PRIMARILY MUSHROOM ICE ON LE 
ICE MAY FORM IN HINGE AREA 
B generally inflight, on ground 
FROM FREEZING RAIN AND FROST 
C INCREASED DRAG 


A SAME AS VERTICAL STABILIZE'’ 
a GENERALLY IN FLIGHT, FREEZING RAIN 
FROST ON GROUND 


C increased drag, CONTROL 

stability, problem if ice freezes 


A ALL FORMS OF ICE ON LE, PRIMARILY 

gpPEFl horn of >i^USHROOM. ICE RUNBACK 
ICE BEHIND LEADING EDGE 
B ON GROUNO FROM FREEZING RAIN AND 
frost, taxi, inflight 
c increased drag and stall speed. 
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TABLCL 817 
TABLCL 818 
TABLCL 819 
TABLCL 820 
TABLCL 821 
TABLCL 822 
TABLCL 823 
TABLCL 824 
TABLCL 825 
TABLCL 826 
TABLCL B27 
TABLCL 828 
TABLCL 929 
TABLCL 830 
TABLCL 831 
TABLCL 832 
TABLCL 833 
TABLCL 834 
TABLCL 835 
TABLCL 836 
TABLCL 837 
TABLCL 839 
TABLCL 339 
TABLCL 840 
TABLCL 941 
TABLCL 842 
TABLCL 843 
TABLCL 844 
TABLCL 845 
TABLCL 846 
TABLCL 847 
TABLCL 848 
TABLCL 849 
TABLCL 850 
TABLCL 851 
TABLCL 852 
TABLCL 853 
TABLCL 854 
TABLCL 855 
TABLCL 856 


B AILEROMS 


C FLAPS 


0 SLATS 


6 SLOTS 


TABLCL 857 
TABLCL 858 
TABLCL 859 


CONTROLf stability, ANO SHEDDING 
PROBLEMS 


A NO IMPACT FORMATION, ICE MAY FORM 
IN HINGED AREA 

B ON GROUND FROM FREEZING RAIN AND 
FROST 

C B1M3 OR JAMMING OF AILERON 
MOVEMENT 


A PRIMARILY MUSHROOM ICE ON LE OF 
OPEN texTENOED) FLAP 
B GENERALLY INFLIGHT 
C PREVENTS OR DISTURBS AIRFLOW OVER 
FLAP. REDUCES EFFICIENCY OF FLAP. 
INCREASES DRAG, SHEDDING 


PRIMARILY MUSHROOM ICE ON LE OF 
SLAT ANO WING WITH SLAT OPEN. ICE 
ON SLAT TRACK 

generally inflight 
INCREASED DRAG, REDUCED LIFT ANO 
PiAP EFFICIENCY 


A FORM OF ICE DEPENDS ON SLOT CONFIG 
URATION and LOCATION 
B FREEZING RAIN/FROST ON GROUND. 

ll^UGHT IMPACT ICE 
C REDUCED EFFICIENCY OF SLOT BY 
REDUCING OR DISTURBING AIRFLOW 


TA8LCL 860 
TA8LCL 861 
TABLCL 862 
TABLCL 963 
TABLCL S64 
TABLCL 865 
TABlCL 966 
TABLCL 867 
TABLCL 863 
TABLCL 869 
TABLCL 870 
TABLCL 871 
TABLCL 872 
TABLCL 873 
TABLCL 87A 
TABLCL 375 
TABLCL 876 
TASLCL 877 
TABLCL 878 
TABLCL 879 
TABLCL 880 
TABLCL 381 
TABLCL 982 
TABLCL 893 
TABLCL 884 
TABLCL 885 
TABLCL 886 
TABLCL 387 
TABLCL 839 
TABLCL 889 
TABLCL 900 
TABLCL 910 
TABlCL 920 
TABLCL 930 
TASLCL 940 
TABLCL 950 
TABLCL 960 
TABLCL 970 
TABLCL 980 
TABLCL 990 
TABLCL 060 
TABLCL 061 
TABLCL 062 


F FENCES AND V/G 


A PRIMARILY MUSHROOM ICE ON LE 
B generally INFLIGHT 
C 9R1MARY PROBLEM CAN COME FROM 

SHEDDING SINCE SOME FORMS OF ICE 
IMPROVE function OF V/G SOME 

increased drag 


G CANARD 


A SAME AS WING 
B 5 Alt AS WING 
C SAME AS WING 


H GENERAL* MANY COMPONENTS* ENTIRE AIRCRAFT 
AIRFOILS* COMBINATIONS 
ICING INSTRUMENTS 


CLASSICAL COMPONENTS 
A CYLINDERS 
B SPHERES 
C FLAT PLATES 
□ RIBBONS 
E HE U spheres 
c ELIPSOIDS 
G CONES 

H rectangular half-bodies 
I WEDGES 

ABBREVIATIQNS/MNEMONICS 
SUPPR=SUP PRESS ION 

le*l£ading edge 
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T/kBLCL 063 ACsAIRCRAFT 

TABLCL 06A ROC*RATE QF CLIHB 

TASLCL 065 ALT«ALTITUOE 

TABLCL 066 INST*1NSTRUMEMT AT ION 

TABLCL 067 CCN0»C0N06NS ATION 

TABLCL 068 FUSE*FUSELAGE 

TABLCL 069 STAftaSTABILlZER 

TABLCL 070 EO*ELECTRO-QPT ICA L 

TABLCL 071 V/G»VORTEX GENERATORS 

TABLCL 072 APPR»APPROPR lATE 

TABLCL 090 GUIDE TO REVIEWER 

TABLCL END DATE/TMC 16 JUN 1980 / C8s44:13 PST 
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tablipm 

TA6LIP'*! 

Tablipm 

tablipm 

TA8LIPM 

TABLIPM 

tablipm 

TABLIPM 

TABLIPM 

tablipm 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

tablipm 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

tablipm 

TABLIPM 

Tablipm 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 


00 

01 

02 

03 

04 

05 

06 
07 
OB 

09 

10 
11 
12 

13 

14 

15 

16 
17 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 
36 

39 

40 
<*l 

42 

43 


TABLE OF ICE PRCTECTIQN/PR EVENTION METHOD 

the METHOD IS DEFINED BY THE TRANSPORT MEDIA AT THE 

ANTI OE-ICING INTERFACED SUCH AS HOT AIR) t THE FLOW 
CONFIGURATION (DOUBLE SKIN) 

NOT APPLICABLE 

NOT DISCUSSED OR MINIMAL DISCUSSION 
PREVENTION VIA OPERATIONAL PROCEDURES 

hot air cont-tube or single SKIN-INT 

HOT AIR CONT-TUBE OR SINGLE SKIN-PICCOLO TUBE CHOROWISE 

HOT AIR CONT-TUBE OR SINGLE SKIN-PICCOLO TUBE SPANWISE 

HOT AIR CONT-DOUBLE SKlN-lNT 

HOT AIR CONT-POROUS FLOW 

HOT AIR CONT-SLOT/EXTERNAL 

HOT AIR CYCLIC-TUBE OR SINOLE SKIN-INT 

HOT AIR CYCLIC-TUBE OR SINGLE SK IN-INT-P ICC OLO TUBE CHOROWISE 

HOT AIR CYCLIC-TUBE OR SINGLE SKIN-INT-P ICCOLO TUBE SPANWlSE 

HOT AIR QNE SHOT-TUBE OR SINGLE SKIN-PICCOLO TUBE CHOROWISE 

HOT AIR ONE SHOT-TUBE OR SINGLE SKIN-PICCOLO TUBE SPANWISE 

GENERAL* many METHODS 

MOT AIR CYCLIC - SLOT /EXTE RNA L 

HOT AIR CQNT. f. CYCLIC - SLOT /EXTERNAL 

ELECTRICAL-INTERNAL,W0VEN wire PADS 
electrical-internal I COATINGS 

electrical-external* woven wire pads 
electrical-external* coatings 

PNEUMATIC-CHOROWISE TUBES 
PNEUMATIC-SPANWISE TUBES 

FLUID SYSTEMS ( POROUS >-GLYCGL BASED 
PL'IIO SYSTEMS ; POROUS )-ALCOHOL BASED 
fluid SYSTEMS < POROUS »-DThER 

ACOUSTIC - TYPE I 
ACOUSTIC - TYPE 11 

MICROWAVE - TYPE 1 
MICROWAVE - TYPE 1 I 

ELECTRO-IMPULSE - TYPE I 


TABLIPM 

TA8LIP1 

TABLIPM 

TABLIPH 

TABLIPW 

TABLIP*1 

TABLIPM 

TABLIP*^ 

TABLIP»* 

TABLIPM 

tablip** 

TABLIPM 

TABLIP*^ 

TABLIPM 

TABLIPW 

TABtIPM 

TABLIP“ 

TABUP*^ 

TABLIPM 

TA0LIP« 

TABLIPM 

TABLI?'* 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TA0LIP« 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 

TABLIPM 


4^ electro-impulse - type II 

45 

46 ICE PHOBIC -P-REEZING DEPRESSANT 

47 ICE PHOBIC -LIQUID PILMt LOW VlSCOSlTYt LOW ADHESION 

48 ICE PHOBIC -SOLID COATING OR TAPEt LOW ADHESION 

49 

50 ICE SHIELDS - UNHEAT60 

51 ICE SHIELDS - HEATED ELEVATOR OR RUDDER HORNS 

52 LOW REFLECTIVE PAINT 

53 ground applied (ETHYLENE GLYCOL £ WATER) 

54 FUEL ADDITIVES 

55 

80 ABBREVIATIONS/MNE HONICS 

81 INT»1NTERNAL 

82 CONT»CONTINUOUS 
B3 

34 

85 

86 

87 

88 

89 

90 GUIDE TO REVIEWER 

91 IF the data SOURCE DISCUSSES A SINGULAR SPECIFIC ICE 

92 PROTECTION METHQO» USE ONLY ONE AS INDICATED IN THE LIST 

93 IF SEVERAL ARE DISCUSSED, USE THE GENERAL CALLOUTS 

94 INDICATED IN THE LIST. 

95 

96 

97 

98 

99 

END DATE/TIME 16 JUN 1980 / 08:44:13 PST 
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TABLSOA 

00 

TABLSOA 

01 

TABLSOA 

02 

TABLSOA 

03 

TABLSOA 

0 ^ 

TABLSOA 

05 

TABLSOA 

06 

TABLSOA 

07 

TABLSOA 

08 

TABLSOA 

09 

TABLSOA 

10 

TABLSOA 

11 

TABLSOA 

12 

TABLSOA 

13 

TABLSOA 

lA 

TABLSOA 

15 

TABLSOA 

16 

TABLSOA 

17 

TABLSOA 

la 

TABLSOA 

19 

TABLSOA 

20 

TABLSOA 

21 

TABLSOA 

22 

TABLSOA 

23 

TABLSOA 

24 

TABLSOA 

25 

' TABlSOA 

30 

TABLSOA 

81 

TABLSOA 

32 

TABLSOA 

90 

TABLSOA 

END 


TABLE OF STATE OF ART CATAGORIES 


OPERATIONAL USE-IN COMMON USE OFF THE SHELF 

OPERATIONAL USE-OFF THE SHELF NOT IN COMMON USE 

operational USE-DES CONCEPT DE V-POTENTI AL USE/GOOO IDEA 

OPERATIONAL USE-DES CONCEPT OEV-IDEA NOT TOO GOOD 

OPERATIONAL USE-NEW IDEAS 

OPERATIONAL USt-IMPROV£MENTS 

RES LAB USE-OFF THE SHELF, IN COMMON USE 

RES LAB USE-OFF THE SmELF, NOT IN COMMON USE 

RES LAB USE-NEW CONCEPT-SINGLE PURPOSE ONE TIME DEV ARTC 

R^S LAB USE-NEW CONCEPT-NOT DEVELOPED 

RES LAB USE-NEW IDEAS 


improvements 


ABBREVIATIONS 

OtS=OESIGN 0EV»0EVELCPMENT RES*RESEARCM 
LABaLABORATORt ARTC^ARTICLE 
GUIDE TO USERS 

date/time 16 JUN 1980 / 08sA4:13 




TABLDA 00 
TABUOA 01 
TaBLOA 02 
TABLOA 03 
TABLOA 04 
TABLOA 05 
TABLDA 06 
TaBLOA 07 
TABLOA OB 
TABLDA 09 
TABLOA 10 
TABLOA 11 
TABLDA 12 
TaBLOA 13 
TABLDA 14 
TABLDA 15 
TABLDA 16 
TABLOA 17 
TABLOA 19 
TABlOA 19 . 
TABLOA 20 
TABLOA 80 
TABLOA 90 
TABLOA END 


T&RLE OF DATA AVAILABILITY 

THIS CATEGORY IS FOR irsFOKMATlON ONLY 

not a sort category 

PUBLIC literature* JOURNALS* ETC 

government literature - IPVPLS 

GOVERNMENT LITERATURE - RESTRICTED (ALU LEVELS 

CONTRACTOR LITERATURE - AVAILABLE 

contractor literature - proprietary 

rniMTR actor LITERATURE > RESTRICTION 


abbreviations 
guide to USERS 

date/time 16 JUN I960 / 08:44:13 



B- IS 


t 


TA3LS01 

TABLSOl 

TABLSOl 

TA0LSO1 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

TABLSOl 

T/.BLSOl 

T tBLSDl 

TABLSOl 


00 

01 

02 

03 

OA 

05 

06 
07 
oa 

09 

10 

11 

12 
13 
19 

15 

16 

17 

18 

19 

20 
21 
22 
23 
29 

25 

26 
27 
2B 

29 

30 

31 

32 

33 
39 
35 
80 
90 

£N0 


TABLE OP SOURCE DATA CATEGORIES -DATA BASE/PACILI TT TYPE 


PROBLEM lOENTIPlCATIQN, SOLVING 

reporting* Basic cata&cries 


COMMENTARY ONLY 
statistical STUDY OR SURVEY 
operational experience reporting 
empirical EQUATIONS 
TEST FACILITY USED AS BACKGROUND 

TUNNEL TEST CONVENTIONAL* ICING 
FREE JET* ICING 
DIRECT connect, ICING-ENGINE 
CONV04T1ONAL, DRY AIR 
FREE JET, DRY AIR 
direct connect, dry AIR 
tanxe R 


tunnel 

TUNNEL 

TUNNEL 

TUNNEL 

TUNNEL 

FLIGHT 

fvight 

FLIGHT 

SPRAY 

SPRAY 

ICING 


TEST 

TEST 

TEST 

TEST 

TEST 

TEST* 


TEST, NATLRAL ICE 
TEST, DRY AIR 
RIU* FAN BLORN 
RIG* WIND BLOWN 
TEST CELL 


TESTS 
(DRY AIR) 
( ICING) 


natural ice C TAIVKER flight 
TUNNEL TESTS 6 FLIGHT TESTS 
TUNNEL TESTS C FLIGHT TESTS 
COMPUTER PROGRAM £ FACILITY 

laboratory test SETUP (APPROPRIATE EQUIPMT) 


APPLICATION ANALYSIS 


abbreviations 
GUIDE TO reviewer 

OATE/TImE 16 JUN 1980 / 06:94;13 PST 


B- 


TABLS03 

TA8LS03 

TARLSD3 

TABLS03 

TASLS03 

TABLS03 

TABLS03 

TA6LS03 

TA81.S03 

TA8LS03 

TASLSD3 

TABLS03 

TABLS03 

TABI.SD3 

TABLS03 

TA6LSD3 

TA3LSD3 

TA0LSO3 

TA8LSD3 

TABI.S03 

TA6LSD3 

TABLS03 

TA8LSD3 

TA6LS03 

TABLS03 

TA6LS03 

TABLS03 

TABLS03 

TA8LSD3 

TA8LS03 

TA8LS03 


00 

01 

02 

03 

04 


table of souroe data 


SUBCATEGORY - MPTHOD OF EXPRESSION 


METHOD OF EXPRESSION - WHAT IS THE GENERAL OR HIGHEST 
(MOST ACCURATE OR MOST SOPHISTICATED) METHOD OF 
EXPRESSION OF THE UOCUMENT. 


05 

06 

07 

08 
0*5 
10 
n 
12 

13 

14 

15 

16 
17 
13 

19 

20 
21 
22 

23 

24 


descriptive qualitative 

descriptive QUANTlTATIVEtDRAWlNGSf ETC.) 

MATHEMATICAL EQUATIONS AND PROCEDURES (GENERAL) 

COMPUTER PROGRAMS/DATA 
EXPERIMENTAL OBSERVATIONS 
EXPERIMENTAL MEASUREMENTS 

INTERPOLi EXTP. APOL/PREDICTION METH00S(C0RRELATI0N FUNCTIONS 

scale modeling 


SPECIFIC 

SPECIFIC 

SPECIFIC 

SPECIFIC 


EQUAT IONS - 8REGUET 

EQUATIONS - WETTED SURFACE, TOTAL TEMPERATURE 
EQUAT IQNS/METHOD - ICE ACCRETION PREDICTION ME 
SQUAT lONS/METnOD - PENALTIES 


THOO 


25 

aO ABBREVIATIONS 

ai 1NTERP0L*INT£RP0LATI0N 

82 EXTR APQL*exTRAPOLATl ON 

90 GUIDE TO REVIEWER 

END OATE/TIME 16 JUN 1930 / 08:44:13 PST 
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I 




1 


T ABLS0*t 

03 ’ 

T A8LS0<» 

01 

TABLSO** 

02 

T AdLSOA 

03 

T ABLSDA 

OA 

T A8LS0A 

05 . 

T ABLSO't 

06 

T ABLSOA 

07 

T ABLSOA 

08 

T ABlSO'^ 

09 

T ABLSD4 

ID 

T A8LSDA 

U . 

TABLSOA 

12 

T ABt-SOA 

13 

T ABLSDA 

lA 

T ABlSD^ 

15 

T ABLSD^ 

16 

T AdLSOA 

17 

T ABLSD4 

18 

T AfiLSuH 

19 

I ABLSD^ 

20 

T ABLSD'» 

21 

T AELSD^ 

22 

r ablsoa. 

23 

T AolS DA 

2A 

T ABLSD^ 

25 

T ASLS OH 

26 

T ABLSDH 

27 

r ablSDh 

29 

T ABLSDH 

29 

T ABlSCH 

30 

T ABLSDH 

ao 

T ABLS OH 

81 

T AbCSOH 

82 

T AolSDH 

33 

T ABLSDH 

3A 

I AoLSOH 

90 

T ABLS DA 

ENO 0 


rABie DF suuKce data. subcategcky - pro('>. R « phases. 

‘‘i^^r«srsrT,srcrc:E‘rces'^Hi%E™K;%eir;a"H 




□ GY 


applied kesearch 
statistical 


cqnceptual design 
DESIGN 

development „ , 

COMBINATIONS OF 12 THRU !'♦ 


verif ICATION 


certification 

COMBINATIONS CF 17 THRU 20 


ABBRE V IAT ions 


GUIDE TO REVlEiiER 
ATE/TIME 16 JUN 1990 / 0e:‘*^l39 
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TABLE OF SOURCE DATA. SU6CATEC0RT - PHENO^^ENA 
THIS TABLE DEFINES THE SCIENTIFIC/ENGINEERING 
DISCIPLINE OR PHENOMENA INVOLVED IN THE DATA SUCH AS: 
PHYSICAL. THERMODYNAMIC. ACOUSTIC. ELECTRQDYNAM IC . 
CHEMICAL. ETC. 

NOT discussed 

meat TRANSFERiDRY AIR) EXTERNAL 

heat and mass transfer (WET AIR) EXTERNAL 

heat transfer internal 

total heat-mass transfer 

heat balance internal/ external 

COMBINATIONS OF 06 THRU U . ^ 

total SYS MEAT 0 MASS XFER ANALYSIS( WING OR AIRCRAFT) 

FLOW FIELDS 

WATER DROP TRA J/COLLECTION EFFICIENCIES ‘ * 
WATER DROP TRA J/COLLECTION EFFICIENCIES (ICED SURFACE) 
ICE accretion CONDITIONS C/OR DATA (UNSWEPT) 

ICE ACCRETION CONDITIONS C/OR DATA (SWEPT) 

ICE SHEDDING. CONDITIONS C/OR DATA 

aero EFFECTS OF ICE ACCRETION - LOCALIZED 

TOTAL AIRCRAFT EFFECTS ANALYS IS/OATA ETC. 

CONDENSATION ICE (CARBURETORS/FET ENGINE INLETS) 

METEOROLOGICAL 

ICE ADHESION 


abbreviations 
xfer*transfe R 
ext=external 
GUIDE to reviewers 
date/time 16 JUN 1900 / 08*^ 


table of icing conditions 



TABLIC 

oo 

TABLIC 

01 

TABLIC 

02 

TABLIC 

03 

TABLIC 

OA 

TABLIC 

C5 

TABLIC 

06 

TABLIC 

07 

TABLIC 

08 

TABLIC 

09 

TABLIC 

10 

TABLIC 

11 

TABLIC 

12 

TABLIC 

13 

TABLIC 

U 

TABLIC 

15 

TABLIC 

16 

TABLIC 

17 

TABLIC 

13 

TABLIC 

19 

TABLIC 

20 

TABLIC 

21 

TABLIC 

22 

TABLIC 

23 

TABLIC 

2A 

TABLIC 

25 

TABLIC 

26 

TABLIC 

27 

TABLIC 

28 

TABLIC 

29 

TABLIC 

30 

TABLIC 

31 

TABLIC 

32 

TABLIC 

33 

TABLIC 

3A 

TABLIC 

35 

TABLIC 

36 

TAbLiC 

37 

TABLIC 

38 

TABLIC 

39 

TABLIC 

AO 

TABLIC 

41 

TABLIC 

42 


NO ICING CONDITIONS 
LIQUID WATER CONTENT (LWC) 

DROPLET SIZE, ^^EDIAN DIAMETER 
DROPLET SIZE, MEAN EFFECTIVE DIAMETER 
DROPLET SIZE, AVERAGE DIAMETER 
AIR VELOCITY 
AMBIENT TEMPERATURE 


altitude 

DROPLET SIZE DISTRIBUTION 
LWC, TEMPERATURE 
SIZE, LEC 

SIZE, TEMPERATURE, LWC 
TUNNEL, ICING CONO 

DRY AIR CONO 
ICING COND 
DRY AIR CONO 
ICING COND 
SPRAY RIG ICING CONO 
CERTIFICATION DEFINITION (05, 
OTHER COMBINATIONS 


DROP 
DROP 
WIND 
WIND TUNNEL, 

flight test, 
flight TEST, 
TANXER TEST, 


06, 


11 ) 


HORIZONTAL EXTENT 
VERTICAL EXTENT 
LOCALE 
SEASON 

COMMUTER PROFILE 
GENERAL AVIATION PROFILE 
TRANSPORT PROFILE 
HELICOPTER PROFILE 
STRaTOS profile (CONTINUOUS) 

CUMULUS profile 

MAX CONTINUOUS - CERTIFICATION DATA 
intermittent MAX - CERTIFICATION DATA 
OTHER (MAX. CONT. C INTERMITTENT MAX.) 
water droplet/ ICECRYSTA k. COMBINATION 
SNOW, FROST 
FREfcZ ING RAIN 

WATER IN FUEL (FREEZING CQNOITIONS) 

ICE PROPERTIES 


TABLIC 

TA8LIC 

TABLIC 

TABLIC 

TABLIC 

TABLIC 

TABLIC 

TABLIC 

TABLIC 

TABLIC 


A3 

A4 

A5 

80 abbreviations 

8) lWC*LI3UID water CONTENT 

82 CQND*C0N0ITI0N 

93 MAX»MAX1MUM 

8A cont.*continuous 

90 GUIDE TO USERS 

ENO DATE/TIME 16 JUN L98C / C8:AA;13 PST 
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J 


i 

] 


TABLPNI 

00 

TABLPNl 

01 

TA3LPN1 

02 

TABLPNl 

03 

TABLPNl 

OA 

TABLPNl 

05 

TABLPNl 

06 

TABLPNl 

07 

TABLPNl 

08 

TACLPNl 

OP 

TABLPNl 

10 

TABLPNl 

1 1 

TABLPNl 

12 

TABLPNl 

13 

TABLPNl 

lA 

TABLPNl 

15 

TABLPNl 

16 

TABLPNl 

17 

TABLPNl 

18 

TABlPNI 

19 

TABLPNl 

20 

TABLPNl 

21 

TABLPNl 

22 

TABLPNl 

23 

TABLPNl 

2A 

TABLPNl 

25 

TABLPNl 

26 

TABLPNl 

27 

TABLPNl 

28 

TABLPNl 

29 

TABLPNl 

30 

TABLPNl 

31 

TABLPNl 

32 

TABLPNl 

33 

TABLPNl 

3A 

TABLPNl 

35 

TABLPNl 

36 

TABLPNl 

SO 

TABLPNl 

8 L 

TABLPNl 

82 

TABLPNl 

S3 

TABLPNl 

9*. 

TABLPNl 

35 


table of penalties associated with icing/anti-icing 

penalties are related primarily to the parent aircraft 
penalties are generally divided into catagories such 
as performance RELATcO* safety related f RELIABILITY 
RELATEOt COST RELATED OR USAGE RESTRICTION RELATED. 

NODATA 

NOT APPLICABLE 
GENERAL 

COMPONENT PENALTIES 

SNGINS bleed penalty ICQMPRESSOR LOSSES) &/OR DELTA FUEL 
WEIGHT 

POWER iELECTRiCAL) 

COST 

RELIABILITY 

AIRCRAFT ASSOCIATED PENALTIES 
WEIGHT (FUEL) 

WEIGHT (TOTAL STRUCTURE C FUEL ETC. 

POWER 

drag 

range effect CBERGUET EQUATION) 

payload effect 
LANDING PERFORMANCE 
TAKE-CFP performance 
STALL EFFECT 
CRUISE SPEED 
MAXIMUM i'PEED 
RELIABILITY 

safety 

COST 

OPERATIONAL CCST 

operational FLIGHT RESTRICTIONS 


ABBREVIATIONS ETC. 
PWR=POWER 
ASSOCsASSOCIATED 
MAXsMAX IMUM 









I 


TABLPR 00 
TABLPR 01 
TABLPR 02 
TABLPft 03 
TABLPR OA 
TABLPR 05 
TABLPR 26 
TABLPR 07 
fABLPR 28 
TABLPR 09 
TABLPR 10 
TABLPR 11 
TABLPR 12 
TABLPR 13 
TABLPR lA 
TABLPR 15 
TABLPR 16 
TABLPR 17 
TABLPR IS 
TABLPR 19 
TASlPR 20 
TABLPR 30 
TABLPR 90 
TABLPR end 


TABLi OF penalties RATING 

mqoifi&s the penalty 


data BY A judgement RANKING 


not applicable or no DATA 
NO SIGNIFICANT EFFECT 
SMALL EFFECT 

MODERATE EFFECT 

SEVERE EFFECT 

SEVERE - SAFETY EFFECT 

CATASTROPHIC EFFECT 


abbreviations 

DATE/TIME 16 JUN 1980 / 08 54AS 13 
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TA6LT1 

CO 

TABLTI 

01 

tablti 

02 

TABLTI 

03 

tablti 

04 

TABLTI 

05 

tablti 

06 

TABLTI 

07 

tablti 

OB 

tablti 

09 

tablti 

10 

TABLTI 

ll 

tablti 

12 

TABLTI 

13 

TABLTI 

14 

TABLTI 

15 

Tablti 

16 

TABLTI 

17 

TABLT I 

18 

tablti 

19 

tablti 

20 

tablti 

21 

TABLTI 

22 

TABLT I 

23 

tablti 

24 

tablti 

25 

tablti 

26 

tablti 

27 

tablti 

28 

TABLTI 

29 

TABLTI 

30 

TABLTI 

31 

tablti 

32 

tablti 

33 

TABLTI 

34 

tablti 

35 

tablti 

36 

tablti 

37 

tablti 

3S 

tablti 

39 

tablti 

40 

tablti 

41 

tablti 

42 


TABLE OP TYPES OF INSTRUMENTATION (ICING) 


DYE TRACER-IMPINGEMENT CHARACTERISTICS 
ROTATING SINGLE CYLlrMlER 

KEILY PR08E-0ROP SIZE DISTRIBUTION IN ClOUDS(GND BAS) 
GSFC LASER NEPHELQMETER - LHC - WATER DROP COUNTER 
ROTATING MULTI CYLINDERS - DRQPSIZE S LIQUID HATER CONT 
FIXED LARGE DIAMETER CYLINDER - DROPLET SIZE 
NASA ICING METER - LIQUID WATER CONTENT 

HEATED WIRE ME TER-JO)T^ SON WILHAMS-LIOUIO WATER CONTENT 
OIL SLIDE DROP SNaTCfER - DROPLET SIZE 
LASER BEAM (ASP) - MRI - KNOLLENBERG 

FORWARD SCATTERING SPECTROMETER PROBE-PMS-KNOLL ENBERG 
ICING SPHERE 

NGL “HOT ROO“-ACCRETIQN ROD - LIQUID WATER CONTENT 
VERNIER ACCRETION METE R I VAM) -ICE ACCRETION - LWC 
EVAPORATIVE TOTAL WATER PROBE LWC METER - RUSMN 
DYNAMIC ICE DETECTOR/ICE SEVERITY-STALLA8RASS/R INGER 
ICING ONSET DETECTOR - ROSEMOUNT - VIBRATING ROD 
ICE DETECTOR - RESISTANCE TYPE 
ICE DETECTOR - PRESSURE TYPE 
ICE DETECTOR - MECHANICAL SCRAPER 

ICE DETECTOR - INFERENTIAL (HEATED WIRE C CYLINDER) 

ICE DETECTOR - SOVIET CO-4A 
ICING PREDICTOR - RADAR 
ICING PREDICTOR - OTmER 
MICROWAVE ICE OETECTOR 

nuclear ice ACCRETN MTR-ATTENUATIONIRAOIOaCTIVE SOURCE) 

ICING RATE meter - TEDDINGTON INFERENTIAL METER 

ICING RATE meter - TV RASTER ACCRETION METER 

ICING RATE METER - ROSEMOUNT 

rcfHPERATURE PROBE - Al R TEMPERATURE 

PITOT - static probe- ALTiTUDEt AIR VELOCITY 

BETA RADIATION ICE DETECTOR 

photography - ICE SHAPE L SIZE 
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TABLTI 

43 

tablti 

44 

taslti 

45 

TABLTI 

46 

tablti 

47 

tablti 

48 

tablti 

49 

tablti 

50 

tablti 

5L 

tablti 

52 

tablti 

53 

tablti 

54 

tablti 

55 

TABLTI 

56 

tablti 

57 

tablti 

58 

tablti 

59 

tablti 

60 

tablti 

ao 

TABLTI 

81 

TABLTI 

82 

tablti 

83 

TABLTI 

8 4 

tablti 

85 

tablti 

86 

TABLTI 

87 

tablti 

38 

tablti 

89 

tablti 

90 

TABLTI 

END DA 


M&IGHlNG ISCALESl 


ICE SIZE. DENSITY 


ICE CRYSTAL SIZING - FORMVAR REPLICATOR 

ICE crystal sizing - ICE PARTICLE COUNTER. MEE I 

IC^ PARTICLE COUNTER ( UW - IPOTURNER t RADKE 

FI5ER-0PTICS PARTICLE-SIZING SYSTEM IFOPSS) 

particle-sizing INTERFEROMETER (PSD 

BACK SCATTERING PARTICLE SIZING SYSTEM IBSPSSJ 

hologram SYSTEM 


MORE than ONE TYPE 


abbreviations etc. 
accretn=accretion 
get*oetection 

GND BAS=GROUNO BASED 
1PC*ICE PARTICLE COUNTER 
LWC*LI3UID water CONTENT 
MR I»METEOROLOGY RESE ARCH. INC. 

mtr»meter 

nrc*national research council 

UW*UNIVERS IT Y of WASHINGTON 

guide to reviewer 

IMS IS JUN 1980 / 08:AA:13 PST 


NOUSTRIES 


t 


3 -:" 


tablip 

00 

table of INSTRUMENT PHENOMB^ OLOGT 

TASLIP 

01 

PRINCIPLE OF OPERATION OF INSTRUMENT 

tablip 

02 


TABLIP 

03 


TABLIP 

04 

TEMPERATURE 

tablip 

OB 

PRESSURE 

TABLIP 

06 

differential PRESSURE 

tablip 

07 

VIBRATION - NATURAL FREQUBiCY BASED ON MASS 

tablip 

08 

ELECTRICAL RESISTANCE 

TABLIP 

09 

PROXIMITY 

tablip 

10 

OPTICAL 

tablip 

11 

MICROWAVE 

TABLIP 

12 

electromagnetic 

TABLIP 

13 

ACOUSTIC 

tablip 

14 

mechanical 

TABLIP 

15 

OTHER 

tablip 

16 

MORE THAN ONE 

TABLIP 

17 

INFRARED SYSTEM 

TABLIP 

IS 

INDUCED AIR FLOW L OPTICAL SENSOR 

Tablip 

19 


TABLIP 

20 


tablip 

21 


TABLIP 

22 


TA6LI0 

23 


tablip 

24 


TABLIP 

25 


Tablip 

80 

ABBREVIATIONS 

tablip 

90 

GUIDE TO USERS 

TABLIP 

END 

OATE/TIME 16 JUN 1980 / t8 :44t 13 
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table of instrument utilization «; CONTROL 


TA6LIU 00 
TABLIU 01 
TABLIU C2 
TABLIU 03 
TABLIU 0^ FORECASTING 

TABLIU 05 statistical RESEARCH tNATJlAL CONDITIONS) 

TABLIU 06 FLIGHT DATA ACCUMULATION (NON-UT I LI 2AT10N IN FLIGHT) 

TABLIU 07 t^EATHER BALLOONS 

TABLIU 08 WEATHER STATI0^4 

TABLIU 09 AIRBORNE PILOT UTILIZED - COMMUTER AIRCRAFT 

TABLIU 10 AIRBORNE PILOT UTILIZED - GENERAL AVIATION 

TABLIU U AIRBORNE PILOT UTILIZED -HELICOPTER 

TABLIU 12 AIRBORNE PILOT NON-UTILIZED - TELEMETERED 

TABLIU 13 AIRBORNE PILOT NON-UTlLlZED OPERATIONAL A/C DATA BASE 

TABLIU RESEARCH - WIND TUNNEL 

TABLIU 15 RESEARCH - TANKER 

TABLIU 16 AUTOMATIC - PILOT NON-CON TROLLEO SENSING £ PROTECTION 

TABLIU 17 AUTOMATIC - PILOT NQN-C ONTR OLLED « NO LITES OR DISPLAYS) 

TABLIU 10 PILOT INTERACTIVE - AUTO SENSING - INTERACTS WITH DISPLAY 

TABLIU 19 PILOT interactive - OBSERVATION 

TABLIU 20 OTHER 

TABLIU 21 MORE THAN ONE 

TABLIU 22 

TABLIU 23 

TABLIU 24 

TABLIU 25 

TABLIU 26 

TABLIU 27 

TTABLIU 23 

TABLIU 29 

TABLIU 30 

TABLIU 80 ABBREVIATIONS 

TABLIU 90 GUIDE TO USERS 

TABLIU ENO DATE/TIME 16 JUN 19S0 / 03:44:13 


TABLR5I 

00 

TABLRSI 

01 

TABLRSI 

02 

TABLRSI 

03 

TABLRSI 

OA 

TABLRSI 

05 

TABLRSI 

06 

TABLRSI 

07 

TABLRSI 

08 

TABLRSI 

09 

TABLRSI 

10 

TABLRSI 

11 

TABLRSI 

12 

TABLRSI 

13 

TABLRSI 

lA 

TABLRSI 

15 

TABLRSI 

16 

TABLRSI 

17 

TABLRSI 

13 

TaBLRS I 

19 

TABLRSI 

20 

TABLRS I 

21 

TABLRSI 

22 

TABLRSI 

23 

TABLRSI 

2A 

TABLRSI 

25 

TABLRSI 

90 

TABLRSI 

91 

TABLRSI 

90 

TABLRSI 

99 

TABLRSI 

END 


Table of research t service indexes 


not applicable for NASA RESEARCH OR SERVICE TO INDUSTRY 
ITEM OF iNTERESTt BUT SUFFICIENT RESEARCH ACCOMPLISHED* 
past research of questionable quality but low impact 

PAST RESEARCH OF QUESTIONABLE QUALITY t HAS HIGH IMPACT. 
NEW research needed - LOW IMPACT, MEDIUM PRIORITY 
NEW RESEARCH NEEDED - HIGH IMPACT, HIGH PRIORITY. 
RESEARCH METHOD L DATA OF VALUE TO LIGHT AIRCRAFT 


SERVICE ITEM OF INTEREST - PRESENT KNOWLEDGE 


A00REVIAT1DNS/MNEMONICS 
RE S*RESEARCH 
GUIDE TO REVIEWER 

TE/TI'^E 16 JUN 1980 / 08:la:13 PST 


tablrr OOC 

TABLRR 01 
TABLRR 02 
tablrr 03 
TABLRR OA 
tablrr 05 
TABlRR 06 

END Tablrr da 


table of scale ratings for literature 

EXCELLENT 
VERY GOOD 
GOOD 

MEDIUM 

FAIR 

OF NO USE TO the ICING RESEARCH PROGRAM 
TE/TI.me 16 JUN 19B0 / uB:a4:i3 pST 


.appendix c 


ICING RESL^yCn DATA FILE INTERROGATIONS 


Ilie 111 references in .AppendLx A were reviewed from the stsndpoint of 
1-he obiectn'es of this studv. The resulting codes, data and coimients were 
Innut into a computerised data fUo for subsequent -nampulation and 
inten-cgation. In this appendix are a number of such interrogation:, -hich 
provided information about the literature and were used in a^iving at the 
conclusions and recommendations of this report. Note that the tirst ^ 
interrogation presented provider the reference comments for every one of the 
docuir.ent 3 reviewed. Ih.ses coiiments are in essence, tnini -abstracts tor each 
reference. 


Th.e 

task requ 
methods , 


other interrogations were made from the standpoint of the various 
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.APPENTjIX d 

SU^MARY CF IN'DUSTRY/GCV'ERXMEXT 
SURVEY QUESTIOVXYTRE 


BACKGRDUNT) .VYD RECO^ULNDATIONS 

A surv^ev/auestionnaire was sent to 60 members of industr>% Government, 
and 'jniversities who are involved in icing related activity in the field of 
general a\-iation and light transport aircraft. Only 23 responses were 
ret'omed. This response rate appears t^isical, based on corments found in the 
literature regarding similar surv'eys. 

A number of those on the mailing list were contacted almost eight weeks 
after transmittal of the questionnaire to inform them that we would still 
accept submittals it they had any. This was done because the original 
transmittal letters had requested that the questionnaire be returned within 
two weeks after receipt. Several phone calls had been received requesting 
extensions to this two week period, so it was assumed that there nignt be 
others who were 'enable to meet the two week turnaround and so did not submit 
a reply. 


The followup telephone calls verified this suspicion. It was quite 
difficult to make contact with most of the individuals, sLnee mary were out 
of town on biusiness, in conrerence at the time of the caij., etc. obviousl-. 
these are vei";' bu3’>’ oecole, arid it t.ae two week deadline were cO expiie, 
thev would most likely not be aole to take the time to pursue the question- 
naire, esneciail'-' if thev felt that it wouldn’t be used in the survey. It 
is recomirended that in future surveys, a time limit be suggested, out 
encouragement should be given tor subrruttal 'witnin a reascnable period -O 
accommodate the work schedules or the respondents. 


Scm.e companies or Govemnent agencies 'were represented by more than one 
individual one had 'U-sually at different divisions of the same oompany. 

one division had indicated to us that he would 
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-S this, as did twe other? who were contacted later. It would -e cf great 
'.•aiae i.n f',r^.re 'urce-/? to cet on 'h'r.odiate feedback on wnat k.rd or re^pen.-o 
CXI ’’e exmected. r'c.?.?ibi' a postcard should be enclosed for irredrite return'. 
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which woa.d mdicare whecher or not a response wiU be torThwomiug. H.i^ 
step would aid tremendously in planning the comiiilaticn ot tne ^une> 
results and in establishii:g a cutoff date far i-cotrorating the results in 

the main effort. 

This appendix is divided into two parts. Part 1 presents the suin-ey/ 
questionnaire, including the cover letter, as it was mailed out to t. e 
various individuals. 

rn part 1 is the simman- of the questionnaire responses received trom 
industr-' and uovernn'.ent. Tlie replies are summanted quantitatively whe-e 
-o-sible, and all ccntrients of interest have been included. The results in 
rart 1 have been used to support the assessments , conclusions, and 
reccnit.endat ions presented in the body of this report. 
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.APPEVDIX D-l 

u:ttt:r of hawsmi it.ai. .xvp si!r\t?0''qi'i:stioxn.-\iri; 



r\JASA 


Dear 

NASA has recently started a new program in aircraft icing re- 
search at the Lewis Research Center, Cleveland, Ohio. The 
program will include in-house research, university grants, 
and industrv contracts. Since you are a member of the general 
aviation or* small transport aircraft industry’ (manufacturer 
or ooerator^ , your recommendations for our icing program are 
important. 

Therefore, we have included with this letter a COl^ST ICNNAIRE 
or. aircraft icing. Your responses to this CL^ST lONNAIRE will 
help NAS.A determine what advances in aircrart ice protection 
technology will m.ost benefit your industry. We hope you will 
consider this an cpoortunity to voice your concerns about air- 
craft icinc, an d to influence future NASA research. 

Rather than send this CL'i:ST ICNNAIRD directly tc the person 
resoonsihie for ice protection in your organization, we are 
sendinc it to vou to insure that the responses represent 
'•oroorate t-’chnical rolic.’. Since the 'dUZST lONNAIRE is ratner 
lone, please respond only to those questions that your organi- 
zation recards as important. 

Please un.derstan.'d that the enclosed IL'E.STIONN.MRE is i.'.tended 
*“0 ai ’ I'Ou in c^”'mun i cat in a '.’our t.houchts to N.AS.^. It shoul.i 
be considered as a cuide. Please reel tree to omit answers to 
questions or address your concerns in. letter term it you deem 
in anoroi’riate ro do so. NA£.^ is interested in. your iceas, 
not the for~". in which they ~ay be submitted. You are ur.dor r.c 
obligation to resnor.d to this request, but all replies will oe 
oii'e- careful cen s i de rat i on . 




If you choose to respond, please do so within two weeks of the 
date of this letter. Please send your replies and address 
any inquiries to; 

Mr, Robert Breeze, MA-14 
Rockwell International 
North American Aircraft Division 
815 Lapham Street 
El Sugur.do, CA 90009 

Telephone; (213) 647-3995 


Sincerely , 

Allan R. Tobiascn 

Manager, Aviation Safety Technology 
Enclosure 



IMTRODJCTIQN 


-ne -:ASA Lewis Research Center, Cleveland, Ohio, has contracted with the 
North American Aircraft Division of Rockwell International to conduct a 
study for small transport and general aviation aircraft icing research 
requmements. The objectives o* tne study are to define for NAbA bouh 
a lono-*’erm and a short-term icing research and technology program that 
is resoonsive to tre needs and desires of members of the small transport 
and general aviation industry, 

-or 'ne pu-poses of tne study and tnis survey, small transoort is defined 
as f-'xed w-ng aircra't of uD^ to 30 passengers, having an annual utilization 
a- 3 — n 50 C ho;..rs in scheduled operations, and operating primarily at 
'udes'a' or below 10,000 feet. General aviation refers to fixed wing 


utilized in non-military and unscheduled airline operations._ 
w^tn tre following t>oes of engines are being considered: jet and 

fan engines, turboprcps, and piston engines. 


a' rcra t. 
►V 1 T t 


OBJECIT.ES ~^HE CUESTIGNNAIRE 


■•'0 oD-ect’ves o*' tnis su-vey a-e to solicit from selectee gene.al 
, I : 5--311 transport manu* a cture>'S and government agencies 
tec^.ni'cal'data. where available, but mere impcrtantli, t^eir views, 
i-g recomrendati ens ccnce^'ning icing researen subjects, 
■''cnsidered b'v tne resocnoents as an opportunity t^ 
ccnce*-ns '-giating to ic’ng and icing orotection. and 


■"'"ue^ce t”e J' recti on cf 'uture NA 5 ,-' researc 


^cur inputs 


2 ’lc.^ f'e ''eflecdon :r t^e breacer view of tne general 
-,.,p rec O'mnendat 1 on s given to NASA tor short- 

cnc-te'"'^ resea'^cn clans. 


S S j N N A I g L v A , E ’ L - - 3 ■ , 


. e ■> ; 

iL a ’ • .1 rt • t' 


■' tn s iu'",e. have zee-' g>-o.juec 
1 ' ice crctectior :>ste'"s, 
s.ste"’ ici'ig, ^A' aM-‘ra'”e 'cmg 
'j' tecnn'Cues, «eatne>- data. 


'ntc \ basic sec t * ens 
ice orotection ce".a 1 ties, 

S' testing techn i.yes , 
.S' final recomi"enc..iti CIS . 


E P^CTECTiO'i StS'EMS 

Estaci’i'^ec ice protection s;,ste-'s include (11 not ai*- trcm com- 
presso’* t'eec, electrotnerrjl , (3) preunattc^boots , (d) engine 
waste neat, and (5) anti -freeze fluids. The JSSn has developed 
an electrcinacnetic-rrr'i ise ice protection system for wnich tney 
are offering licensing agreements. »4hat additiona' development, 
researcn data, design data, or performance data are required for 
tne systems mentioned above? 

Icephobics (materials that reduce ice adhesion) development is a 
high risk, nigh oayoff venture. What priority should NASA place 
on developing an ice phobic? 

rthat are the most important features that any new ice protection 
system snould provide? 

I: new ice protection systems could be developed or e>:isting ones 
improved, whicn ones would provide the greatest payoff? 




n-'ormation is needed on pena l ties to the aircraft or to individual 
ompone’'ts due to tne e*'ects of icmg. It is requested that Table I 
e f'lled out *or~tne va’''OuS a’rcraft or components manuf ac tured or 
ested Z'/ .our cpnoan_, *:r wnich i zing renal t'es a'-e av.31 1 ao i e . Note 
■'at oe^alt'es ma-v ze giver as actual values, '■ f known, or "elative 
anKings of tne penalties involved. 


n adO'.tipr. 

■ ste-s a'-e 

ut ‘Or- tne 

f tested z> 
al .,es or 
e dro\er 00 
a d 1 e ' . 


O' era 1 1 1 e s on a 
a 1 sd rjeced , 1 

various airpra' 
■. ?a,r cpmoan.. 


rpratt due to t^e use 0 * ice protectip 
: is recuested tnat 'aole II oe f'lled 
engines, pr components "anu-'act ured 
dcain pera'o'es may Oe giver as aotua’ 


one tpr- O' 

rtp for each 


re’at've ranMngs. 

* "'tp L' 0 r. c'' t. 'J I ^ w s 'J I 


fie pera.ties can 
1 see eiample c' 


i’ i . 
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RAME :CING 


Ai.-faii lit':, drag, pi 
to ice accretion have 
Icing Research Tunnel 
data from the IRT tor 


tch mcnent, and stall speed increments cue 
beer obtained in the past in the flAiA Lew, s 
(IRT). Do i'Ou want such icing sensitivity 
the foil owing: 


YES NO 

Airfoils on your current aircraft 
Your future airfoils 

Mew computer aes’gned air*oils (Low Speec, Laminar 
Flow, Supercritical ) 


Co vou want NASA IRT data or ai-fdil ice snapes *rom which 
artVicidl ice shapes could be made for use in dry wind 
tunnel and fl ight testing? 


a-e tnere any aircraft compcnents, especially vu-lnerablt to 
ic''nc. fc’’ wnicr tne airframer needs special design guide- 
Unes! (e.g.tai'i balance horns)? 


Anat researcn reeds to be done to ma--e ice 
comDafble witn airframe ccr.ponents made c 


protect i on 
ccmccsi te 


systems 
materi al s? 


In Table I please iaenti^y tne ice sensitive components wnicn 
recuire additional researcn, and list, in order of importan..e. 


tre recuirec researc 
wane-' cpi 1 ecti or e*'*' 
protection syste^n. 


'n tne areas P'^ (1 ' ice accretion or 
ie'^cv, IPS sheodirg, ( 3 ; ice 

' pe nf prma:ice cenalt'cs. 


STING TEGHNlGlEo 

':ie metnods listed celaw are used for determining vl) the nature 
and e\tent of icing of a comDonen:, ;.G' ice prctecticn S/Stem 
-•^rformance , arc i.G) aircra't performance penalties cue to eitner 
ice accretion or ice protection SvStcm cceratio'i. Cased on yew- 
experience, please cptmtent on s.jcn ‘actors as tne accurac,.', ora>.- 
ticalness, aval laoi 1 It.- , and costs of tnese metneds. 


r.,. 11 -scale icing wi''d t^ru'ei tests 

i.p- scale icing wine t-iCiei tests 

In-'lid"t tanx-er spra. clouc tests 

,u r 0 u n c s p r a c • 0 u d t e s - 0 

■•'w''t tests 1 '1 nat.iral clouds 

A'- ,i , 0 1 ca 1 tec"'*. 1 d^e s and cemojt-or Cdd- 

Ct'ier 


rx> 



rtna*. tiTiprcvere^ts snould NASA rnake to tneir icing facilities? 
Please aiscuss such improvements as test section size, air speed, 
range of icing parameters, instrumentation (e.g., force balance, 
cloud parameters). 

3. Should the NASA Lewis Altitude Wind Tunnel be rehabilitated to 
provide e;^panded icing facilities which include a 20-ft diameter 
high speed test section (up to M=1 ) and a low speed 45-ft diameter 
test section with speeds to 200 knots? 

YES. Would be willing to use on a cost basis. 

YES. But do not foresee any immediate application for us. 

NO. Our facilities or test procedures are adequate. 

NO. No need. 

GTriEP: 


Should spray systems be standardized *or the existing icing spray 
tankers, and snculd instruments for measuring tne spray cloud 
f'oserties ce standardized? 


I. , '^e''e are a number cf handteoks available which provide technical 
icing oata. Which of tne following do you use? 

nuS-4 , Engineering Summary of Airframe Icing Tecnnical 

Sata 


F-A FD-77-76, Engineering Summar, of Pcwerplant Icing Tecn- 
nical Data 




f. 

p 


5 . Please list and briefly explain any ccrnputer cedes you use to 
aesign ice protection systems and to determine icing penalties. 
Indicate whetner tney are proprietary or available in the open 
lUerature. 

6 . Listed below are several computer codes that NASA is either 

, procuring or planning to procure. 

I 

[ 0 Water droplet trajectories for water catch rates and impinge- 

ment limits on: 

2 - D lifting bodies (wings, tails) 

3 - D lifting bodies (wings, tails, fuselage) 

3 -D non-lifting bodies (fuielages) 

Ax 1 symmetric engine inlets at angle of attack 

0 Steady-state heat transfer for anti-icing analys'is. 

0 Ice accretion modeling on wings, inlets, and rotors. 

0 Fredict'on of aerodynamic penalties due to ice accretion. 

0 Transient neat transfer codes for de-icer analysis, 
c Pred'ct'on of shea ice tra jectories . 

will trese computer codes be of jse to you in addressing your 
icing requi rements? 

*VES. Would Supolement or replace cooes currently used 

'•VlS. Currently dc not use computer cooes 

NO. rtOulc not use any co.mputer codes 

OTHEP : 


’ .Nhot aa'..itional cooes or s 
t.nese codes 


lal ‘eatjres wculo .ou wa”t 


t"e se ;oce 
trcgrai'rrng a-'d 



^I'll re'^jir'e ve 1n-ncuse e^rertise 'n 

■ ;.al/Sis, sci"e coccai'ies 'ia_, prefer to Puy Sucn 
'^ese codes teceme cce--at i era 1 snc..ld NAS- creite 
Jerte’- to t"6 ^I'-'cil Cesiy 

c t . i-c- at jn'c ttate vn i vers ' t/ . 






.;roj:c 


M C r'\ Jn I 

1. Are yOu satisfied with the FAR 25, Appendix C icing envelopes 
for certifying general aviation and small transports? Please 
explain. 

2. What changes woulc you like to see in the operational constraints 
(certification requirements) relative to icing, In order to improve 
utilization of the existing and growing body of general aviation 
and small transport aircraft? How would you justify the change? 

j. what advancements are needed to help justify the desired cnanges 
of question 2 i.e,g., instrumentation, ice protection capaoi 1 ities , 
and weatner forecasting)? 

4. what improvements in weather forecasting would most cirectly help 
icing forecasts? 

5. Are you satisfied with the present method cf categorizing me 
icing condition (e.g., trace, light, moderate, severe)? Please 
expl ai n. 

u. 2c you want an on-pcard instrument that measures clcud croperf'es 
arc trat could be used to evaluate trie aircraft's capability to 
operate in tnat local clcuo environment? 


aC iL-.r 


2c «Ck> tnisK a pilot training movie S'louia be made tnat accresses 
fe crcclems cf fngnt into icing conai tions — new to avoid it, hcw 
't ar'fects aircraft cerfoniiance , new to cope witn it, and now to get 
out of it? 


, ul; 


wr.at aspects of f'e icing oroblem most need atte''t'on? In the snort 
term? In tre long terml* 


I'' what areas of the icing prcclen coulc NASA make the 
contri butren ? In t'le snort tern' in tne long ter"? 


greatest 









Section I 



ICE PROTECTION' S\'STEMS 

I.l ADDITIONAL DEtTELOPNENT , RESEARCH, DESIGN', OR PERFORMAiNCE DATA 
NEFDED FOR ICE PROTECTION SYSTEMS 

I. Updating of icing information in .ADS-4. and NACA reports for new airfoil 
series . 

1. Regeneration of EAR 25 envelopes. 

3. Carburetor anti-icing techniques, including icephobics/fuel additives, 

i. Trade studies of cost, weight, and effectiveness of all systems. 

3. Standardiced design methods to reduce engineering and certification 
costs. 

6. Generaliced computer programs to determine heat requirements. 
Electromagrietic impulse: 

-- Would like to see further development. 

-- Need relative effectiveness, power requirements, fatigue, design 
impact . 

-- Testing would be advantageous to prove the performance of the svstem 
and to provide enough information to accurately assess svstem 
advantages . 
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I.Z 'aHAT PRIORITi' SHOULD NASA PLACE ON DB'ELCPING .AN ICEPHOBIC? 



LOW HIGH 


"PRC" CaiENTS 

1. Ideal to develop one which would also shed bugs and maintain laminar 
flown 

Z. .Aim cowards objective of being easily applied, noneroding, and highly 
efficient . 

3. Breakthrough is ver>' close - further R5D is not hign risk. 

Inherent low cost, low weight, and fail safe simplicity are extremely 
attractive . 

5. NASA should continue to investigate the icephobic properties of new 

naterials and coatings. .Also, some testing may be done in conjunction 
with other deicing systems, such as microwave, electroinpulse , etc. 

"CON" CC^MF^TS 


1 


Not much potential in pursuing. 

'■em.- lew !jniess cne co'uld eliminate a svstem cr protect di 
deice areas that might shed ice. 

Low to m.iddle prioritv 'until a premising material family i 


icuit to 


discovered. 


?ems too high. 


D'lA 




y.- ■.u^T w vrST IMPCRT.W-T 


Feature 


No. of Times Cited 


Low Cost 


Low Weight 


Low Power Loss Requirement 
High Reliabtiit}' 

Sunplicity of C^eration 
MiniTiura Efteot on Perfo^nance 
Good. Capability 


Low Drag 


Low 'iiintenaiioe 


Cuiok Response 
Miniai:es Pilot Work Load 


’’reJiotable so as to .ouTpi'-tv Cert it ication 


r 


I 

[ 


I 

I 

I 

1 

i 


f 


I--1 IvtilCH XBv OR IMPROl'ED ICE PROTECTION 3YSTBE WUI.D PROVIDE T HE 
GRE-XTEST PAYOFF? ~ ~ 

System Xc. Times Cited 


Icephobics 4 
Engine Waste Heat 3 
Microv,ave 2 
■Antitreete Fluids 2 
Leading Edge Anti- icing 2 
Acoustic . 1 
Ice Detector 1 
Windshield Anti- icing 1 
Passi’ce, Low Weight and Power 1 
Improved Pe icing 1 
Th.ose Easiest to Retrofit 1 
Supercooled [hropLet Transtormer 1 
Electro impulse 1 
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Section [I 


Trp 


DDnrnrT 

i i U.I.. i . 


PLXALTIES 


n.l ■■^3DITIQ^U CONMENTS REGARDING ICE PROTECTION PENALTIES 

1 . We have been inTOlved with three aircraft icing programs where free:eup 
ot the movable surface to the fixed surface occurred due to the 
Lonfiguration of the balance horn. One aircraft experienced los'- of 
rudder control. Two aircraft configurations involved loss of elevator 
iwOntrol. In all cases, design changes were necessarv. One aircraft 
configuration encountered strut buffet during our natural icing 'flight 
test:>. The buffet was subsequentlv reproduced with ice shapes attached 
to tne struts and the buffet traced to vortex shedding from the glaze 
lue Redesign was necessarv-. The above deficiencies all involve 

tlight satety, structural loss of a wing strut would have been 
catastrophic. Loss of pitch control could be overcome bv pilot skill if 
the situation were properlv assessed bv t.he crew. Singlv, loss of vaw~ 
i-ontrol on a multiengined aircraft is a small matter. 


Tb.e largest penaltv which could 
RbJ et forts is the design time 
with assuring safe and reliable 
perfomance. and cost penalties 
guimt 11 led b>' the airframe comp, 
class or applications served bv 
aircrart, and flight transports^ 
that the^• uo not require active 
requirement is onlv to suppl'- a 
i.nlet -inti- icing. 


be :unelicrated through MASA sponsored 
.md development program cost associated 
anti icing svstenis. The weight, 
to the overall aircraft can best be 
anv since, in virtual Iv all cases for the 
.AiResearch engines >,APU's, business 
, we are able to design our engines so 
anti- icing in t.he engine, and cur 
scarce of bleed air to the .airframe for 


Section III 


PROrLT.SION 3\'STEM iCING 

III.l [CIN’G N~EEDED IN SUPPORT OF FOLLOMNG PROPULSION CCMPOM^TS 

G.ARBLIRETCRS 


•Needs further research. 

No need. 

Needs r.ore study - using advanced ice detectors, icephabics, 
fuel additives. 

Researc.h on icephobics would be of benefit. 

Tests of fuel additives to prevent carburetor icing. 

Tests of throttle plate coating to prevent ice formation. 

CCbllNCS 

Needs further research. 

None needed . ,, 2 ' 

•Utemate air inlets • 

ifore research for Id engines, especiallv inlet deicing. 

Took It use of engine oil for ice protection. 

Research on icephobics would be of benefit. 

^ * ,Tn do, ^..^.e.LU^cd ice ac,. imil^it ion on leadifig euges or cowling. 

PRiTrHTLTRf 

•Nee^is further research. 

None needed. 1' 

Need reliable alteiTUte to electrical ,mt i • lc in.g . 

Rese.ircb. on ; cephcbics would be of I'enefit. 


'.one 


\eea :ce particle tra;ec:en-- uiab-sis, icing iieat transfer. eU. 
Researcii on icephobics woul.i ''o 'f benefit. 

. c''0.^ sit ! oititi’to ’'■.I !*'t* * 
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III.l (continued “I 
I MET GUIDE \AMS 


None needed. i.D'' 

Need ice particle trajectory- analysis, icing H.T. , standardized tech., 
etc. 

Look at iaimning tendeno' after delayed actuation. 

Consider use of engine oil for ice protection. 
gi;5earch on icepKobics would be of interest . 

CORE INLETS 

Needs further research. 

None needed. iH 

Need ice particle trajector.- anal., icing heat transfer, etc. 

Look at vise of engine oil tor ice protection. 

Research on icephobics vould be of interest. 

•ENG INEZ FAN IMETS 

Cowl .ind Up share collection efficiencv as nr.ction i inlet veU, imgle- 
of-attack, droplet sLceU 

Desire rerfomanco ,md effect of rur.back ice due to shorter heated 
surface’ lengths with acoustical treatrcnt aft of inlet lip. 

Need ice rarticle trajectory xnalvsis, icing lieat trojister, etw 

Research on icephobics would be of benetit . 

F.-\N SL.ME.F 

None needed . U 

Need ice particle traiector- .inalvsis, U ing heat rr.cisier, etc. 
Rese.;rc:\ on icephobics would be o; benetit. 


Design guidelines on fuel svsten corT'ononts susceptUlo to ice :■'Uc^age 
and long tei- :^tabiUtv of fuel icing inhibitors. 

-h.ire on ice buildup. 'Ure adeviuate 

1 ^ >1..:,^' ' •Ti'-'f' i*'t**L^ ,''n on^’inos. 


III.: .■\X;\L'iTIC\L .-yN D EXPERDE-VT.U RES£-\RCH REQUIRED ON SHED ICE CONTROL 

^ EN'GI\'E DEICE HL\T TRANSFER 

1. Doubtful traiector>' analysis could be applied with confidence. Look at 
deicing radomes to control mass and fom factor of shed ice. 

Would like to see flight or wind tunnel ice shedding tests. 

3. Look at inertial separator usee for t>-pical turboprops * low weight, 
low drag, simple, and low momemtum losses. 

4. \'o additional research needed from airframe manufacturer's viewpoint. 

5. Water catch research on rotating spinner shapes needed. 

6. Improvement in methodolog>' of shedding ice required. 

.seed research in what causes shedding. 

3. Design guides for inertial separators needed. 

Lock at use of exhaust heat to deice engine inlet lips. 

10. for low cost engine deice system - no research needed for shed 

ice control. 


111.3 RESEARCH R£QU:P£D TQ VAK E ICE PROTECTION SYSTBE .COlPATIBLJ ’.VnH 
ES'GINE CCT'IPQNENTS >!AriF OF COMPOSITE MATERIALS 

1. None, but need basic data on aircraft conponents of conposite materials, 

2. Iiapact properties on engine composite materials. 

3. Thermal characteristics of composite materials for inlets and nacelles. 

4. TestLng to develop thinnest possible skins and verify heat transfer to 
surface. 


T-:i 


Section rv 


ATRFR.V^E ICING 


I\'.l TOULD YOU LIKE NASA IRT DATA ON AIRFOIL LIFT, DRAG, PITCH MONENT 
ANTI DELTA STALL SPEED? 


AIRFOILS ON’ YOUR CURRENT .VC? YOUR FUTURE AIRFOILS? 



NTW CO^PUTER-DESTG^TD AIRFOILS'? 



YES NO NO 


ANS 



IV. 3 AIRCRAFT C0MF0KEST5 MJLVERABLE TO ICING N E EDING SPECL-AL D £5IGN 
GUIDELINFS 


component no. of times cited 


Balance Homs ^ 
.Antennas 5 
Struts - 
Control Surfaces 2 
Nose Shapes 1 
E.xteiTial Inlet Scoops 1 
Engine Inlets 1 
Props 1 
Stall iVamLng Devices 1 
Windshields 1 
Exposed Wheelwells 1 

None Needed 2 


No .Answer 
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.4 rtlLAT RESillRCH 15 NTLDhD TO I'OT PROTECTION SYSTEMS 
COI!P\TIBLE VITE: CCMP0 S ITE5? 

.■Applicability of thenr.al devices - other systeins? 

Invesxigate peculiar problems associated with various systems. 

Study ice protectioa systems for carbon fiber composite leading edges. 

.■Anal>T;icaI ir.vestigations should be made to determine t)'pe of system 
most compatible, followed by icing wind tunnel testing to verify its 
adequaev and establish design parar.eters . 

Heat tolerance of composites. 

Long term tatigue of composites when 'using pulse or vibr-toiy methods. 
••Also, effects of antifreeze fluids on composites. 

Testir.., to develop thinnest possible skins and verify heat transfer to 
surface . 


Section V 


TESTING TECHNIQLTS 

V.l RATING OF METHODS FOR .ASSESSING ICING PROBL BE 

RATING AS TO METHOD OF \CCURACi 
Full Scale N'ind Tunnel Tests 
Flight Tests in Natural Clouc.s 
In- flight Tanker Spray Cloud Tests 
.Analytical Techniques 
Subscale Icing Wind Tunnel Tests 
Ground Spray Cloud Tests 

MOST -TO -LEAST PRACTICU >ETHODS 

In-flight Tanker Spray Cloud Tests 
.AnaUaical Techniques 
Full Scale Wind Tunnel Tests 
Flight tests Ln Natural Clouds 
Ground Spray Cloud Tests 
Subscale Icing Wind Tionne; Tests 

AVAILABILITi' OF NETHODS 

In-flight Tanker Spray Cloud Tests 
Subscale Icing Wind Tunnel Tests 
Full Scale Icing Wind Tunnel Tests 
Flight Tests in Narural Clouds 
.-\nalvt Leal Teclmiques 
Gromd .'^[u-av Cloud Test.- 


V.l [continued) 


LE\ST-TO-^DST COSTLY ^ETHODS 
.Analytical Techniques 
Siibscale Icing Wind Tunnel 
Ground Spray Cloud Tests 
In-flight Tajtker Spray Cloud Tests 
Full Scale Icing Wind Tunnel Tests 
Flight Tests in Natural Clouds 
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TMPRPI^En-TS X.\SA should n^KE 

Increased range of liquid water content lUCl . 

I^nproved force balance systens to obtain lift, drag, pitching nx^ment 
data. 

Itmroved mstr'jnients . 

Higher speed capabilitv (to iOG mph) . 

Lower tenperature. 

Iitrproved wake drag system. 

Refurbish vanes, blades, etc. 

Droplet site and Lh'C calibration. 

Blowing/ falling snow and ground fog capability .or engine ini 
viore tunnels to reduce lead tiiT.es. 

TnstruiT.ent f.iTinel for "frost' testing. 

Altitudes to :o,000 feet. 

Aurcated Cdntrol svstcn to a.dl.t .n ta.,tcr stab.Utotion of funnel 
conditions to save tire and energy • 

Ltnifcrm cloud at test section. 

Measurement of droplet site ar.J L’.VC during testing. 

Cotiputer-linised dnta recording and rtocessing. 


V.3 


SHOULD XASA-LRC .ALTITUDE WIM) TUN>i'EL BE REHABILITATED TO PROVIDE 
EXPANDED ICING FACILITIES? 


z s 



i. Increase iange of icing parameters. 

Do not associate M = 1 requirement with icing as a problem. 
100 knots adequate. 

3. First priority should be climatic research. 

4. .Need flow provisions to test engine inlets. 

.Also, alternate rain sprav rigs. 




v.-l SHCL^D SPPLAY SYSTDIS BE SmUVRDIIED FOR THE E XISTING ICING 5PR.W 
T.-VN'KERS, .ANT) SHCirL.D SPR.AV CLOLT' PROPERTY' NE.ASUREMENT INSTRL1^E.V:S 
3E ST.-YVaARETZELr 



’■ 1 


■ ■ 1 
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"No's” were interred from the foIloKin^^ comments: 

Ooubtful standardiced ivsteir. couid be developed- Real need for real 
time, affordable, water drop let diameter svstem- 

No ncOdi standardize, 'niit design guidelines would be useful. Need 
development of inexpensive, reliable, immediate readout of LN'C and 
di-oplet size instnim.ents . 

?-:-efer no- to fiv behind a tariker due to problems with controlling 
droplet -,ze in Ld-cOu range zmd difficultv in controlling -prav pazterr 
ZX-velop new equipment,' technioues to control ;ind measure L'.VC and droplet 
s i. z e more a c c urate 1 v , 

Standardizat ion second in Lmt’ortance to acourate measurement and 
prediction of droplet size :ind distr ibut ion. St.ind.irdizat ion mav prove 
too limdting '■'ccauso conditions differ witii aircraft tN^'O, altiti:de, 
ore rat ions , etc . 


> not consldz 


;ar-'. fat isfactor-’ results new. ^t.iiwlardizat :on 


ceuUl increase re\:ui :'er:eut s result i:ic ui compl tear iiU’ ind evpeiis.' 
witiicut izru ove:nent in results. 


i:iis would :-e an icneeded added e\pe:n-e to cert : ficat ion , witii little 
.'■r no i'oneflts. 'atisfactor, results .ire ^euu: oi't, lined without t:i!<. 


Section VI 


CALOJLATIONAL TECHIilQUES 


VI. 1 THERE .ARE A NUMBER OF HANDBOOKS .AVAILABLE WHICH PROVIDE TECHNICAL 
ICING DATA. WHICH OF THE ttqllOWING IX) YOU USE? 

' ! 


1 


F.AA F.AA CTIDR NO 
,ADS-4 RD-Tl-'O .ANS 

OTHERS NOTED: 

1. KADC-I*R-34-315, A Design Manual for Theirul .A/ 1 Systems. 

:. ’’.Anal'.'t ical Inves t igatior. of Aircraft windshield Anti-ice Systems." 


3 . 

S.AE ,\ypUed T 

hernodvnLur.ics Manual. 


4. 

F.AA Advisor.' 

Circular 20- '3. ".Aircrart I 

CO Protection.” 

3 . 

F.lR Append 

IX C. Not a puindi'ock as si 

:ch, Xuthor.'' 

0. 

LcuiLas Aircr 

aft Rpt. SM-:'F''S, "^lanual 

for Aircraft Ice Protect ion. 


’.arious V,0_'v rercrts. 
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\' I . : -\R E TKE DESIGN PROCIiDURES ^NT) ICING DATA IN .^S-4 SUFFICIENT EVa’GH 
TO BE WORKED UP INTO COMPUTER CODES FOR PRELIMINARY DESIGN TRADEOFF 
STUDIES .ANT) FOR LNTUTS LNTO MISSICN .ANALYSES? 


NO 

-AVS 




r 

1 

! 



i -NO 


. 


j 




. 



COi'13L\TS 

1. Must be aware ot inaccuraov or data due to mcasureitent techniques 
of the Jav. 

f. '.L-tited application. 


It nav be better to use it in the manner it is presented and tiien wr 
a sirrrle cortputer code to handle a specific problem. .An all 
one. '\is.si.np pregran tends to not be general enough to h:indle all 
.snec i f i c n rob lens . 


VI . 3 VriAT \Ta' ICE PROTECTION PROBLEM .ARE AS DO YOU FEEL NEED TO BE 
■ADCRESSED 3Y Tl-ESE OR NBv TECHNICAL aA.\ DBOOi^ 

1. Protection of leading edge devices. 

2. .All new generation naterials. 

5. .Neither handbook has sufficient water catch/ shape data and both lack 
information on rotating systems and ice surface adhesion. Additional 
information is also needed on convection and evaporation for the 
v'arious shapes of interest. 

4. Rotors. No good system e.xists yet. 

5. Reevaluate icing criteria parameters, airfoil icing shapes data. 

b. Parasite ice on surfaces parallel to airstream. 

Shadow- cone and high concentration cone of droplets in the near 
viv_initv of a tuselage. .Also, effect of engine mass flow on *'ose cowl 
iue i,ol lection, and impingement and aerod^nairic effects data on new tv'pe 
airfoils, such as supercritical, both with and without high lift devices, 

i- I'ting of non- airfoil surfaces. 



r ) 


I 


PI LIST A\D BRIEFLY FXP LAT\ \\Y COMPITFER CODES Y OU USE TO DESIQj 
ICE pp.OTT:^TTn^• FYST^IS .AMD lO DETEK 4I>^'E ICING_P £NjJJIE5. INDICjOg^^ 
MiETKER PROPRIET.ARY OR A\v\ILABLE IN THE O PEN LITERATUI^ 

1. *Windshield and engine inlet anti- icing - company programs published in 
FAA certification reports. 

a -POT" - DOtential flow program - two-dimensional or axis^tric flow 
field. Can accept niodels with one or more surfaces, such as an eng^e 
inlet with centeroodv. Can account for engine air appetite, incxud 
subroutine to rotate the model to any desired angle of attack. 

Accepted by F.AA. 

"DROP" = droplet traiector-' program. Uses POT to compute model 
impingement limits and water loading. Imposes Langmuir A or D droplet 
distributions as coded by F.AA- 

’’c "HIT" = thermal program. We ha'/e developed a handbook of methods and 
techniques for steady state and transient. Unpublished. 

"d ’^Handbook for glace ice shape prediction using analytical/ .graphical 
methods, using output of DROP. iVater loadings within the stated 
population form the basis for shape prediction. Method ac..epted b> 

F.AA. 

3. Computer programs based on handbooifS of \T.l. 

4. Icing collection analysis programs. 

5. *AERCDCE, described in .A?FDL-lM-'9-91-WE, and is available on request it 

approved by higher headquarters . 

^Company thermal analyier program, impingement and heat requirements 
program. 

Several heat transfer and droplet trajectory programs. 

Ice shine program. 

Aerod'^'namic flow field deriniticn code. 

Code for calculation of water droplet trajectories to compute ice 
collection efficiencv and limits of impingement. 

9c. Heat transfer analvsis code to determine evaporation rates and nncack 
ice amounts. 

* \1 1 but these ’-vore identitieu as pronr ietay. 


6 . 


3. 

;>a. 

9b. 




\1 . 6 OF THE FOLLOWING CCWPUTER CODES IHAT N ASA IS EITHER PROCURING 

OR PLANNING TO PROCURE WOULD BE OF USE TO YOU IN .ADDRESSING YOUR 



No. Times 

Code Cited 


Water Droplet Trajectories for Water Catch 
Rates and Inpingement Limits on: 

2- D Lifting Bodies 10 

3- D Lifting Boiies 12 

3-D Non-lifcing Bodies 11 

.Atis'vTtmetric Engine Inlets ^ 

at Angle of .Attack 

Steady-State Heat Transfer for Anti-ice .Analysis 11 

Ice .Accretion ifodeling on Wings, Inlets, and Rotors 11 
Prediction of .Aerodynamic Penalties Due to Icing 13 
Transient Heat Transfer Codes for Deicing .Analysis 10 
Prediction of Shed Ice Trajectories 11 

No .Answer S 


a HAT ArPITIC.^LAi, CODES OR SPECIAL FEATL'RES KCLDD YOU WANT IN THESE 
CODES':' 

1. Liquid water content and droplet site. 

2. Ice collection efficiency, upper and lower surface ini^.iingemer.t 
limits, etc. 

3. Ice shed trajectories from wings to rear mounted engines. 

4. Prediction of ice adherence characteristics toward outboard 
sections (5-D effects) . 

3. Ncna.xis}"m,rietric engine inlet appl ications . 
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n . ■ 3INCT THESE CODES WILL REQUIRE EXTEXSTO IN-HCiUSE EXPERTISE I\ 
PRQGR.A.^f.!I\G .AND .yy-MYSIS, SOE CO^^PA\IES MAY PREFER 70 KJY SUCH 
SERVICES. THESE CODES BECO^E OPERATION.AI., SHOULD CRS\T£ 
■VN ICE PRCTECTION ■A.WLYSIS CEsTER SIMILAR TO THE .AIRFOIL DESIGN 
.VXALYSIS CE\TE.R CREATED BY XASA .AT OHIO STAT-R U\I\RRISTY? 


NO 



OTHER 




'it’ES PROBABLY 
.\0 NO 



CO'tEVrS FROM ’'XC” CR ”PRCB.ABLY X’O'’ RESPGNOEXTS 

1. ivould n.in ourselves. 

I. >\culd prefer in-house tiiialyses. However, would consider oucside source 
ir tumaro'jrid tirie were attractive. Only water loading and surface 
pressure ccetficients would be required from the outside source. Tl'ienTial 
analvsis would occur in-house. 

3. i\e do no: see the necessit\' in establishing an ice protection analysis 
center. It is difficult to see how such a center would be cost effective. 
In addition, con.s iderable product liability difficulties .rotild be 
developed. 



Net sure . 
conronies 
being well 


NN- firs: utpression is that the codes could be used bv 
therc^elves. I’ve heard that the Chic State facilit\- is 
:;tiii:ed. It's too earlv to make a judgement. 


the 

not 


Not recor, mended, 
.idartat ton . 


We would ratiter have the codes available for our own 
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Section VII 


iVEVIHER H\TA 

\TT. 1 iPF. YOU SATIFIF.D WITH THE EAR JS, .APPENDIX C ICING LWELOPES FOR 

^.RTIFi'ING GENERA .AAT.ATION .AND SJTALI. 'IRANSPORTS? PLEASE EXPUi;^ 


r 

I 



.ANS 


"'.'ES" CCNMENTS 

1. F.AR 13 envclcpes were Jeveloped vising questionable instmmentat ion but 
have been apnlled with good results. Indications are that envelopes arc 
veiv conservative but hard to argue versus safety. Doubt EVA Avould want 
to change criLeria. 

:. ’Have been used satisfactorily in past. Need updating with mire cloud 
data on LWC and probabilities to facilitate more meaningful mission 
analyses . 

"NC COtEXTS 


1. Better definition at low altitudes. 

E. Horicontal cloud extent is in error for maximum inter-mittent (too shorri. 
FAA Region would not allow t ime, distance factoring specified in .Ap'pendix 
G for approval. One position must change - eitiier FAA or F.VR Is. 

■ . None of ti’.o data available on icing encounters supports the F.\R Part lo, 
irrendix G, reuidremeiits tor ice rrotection at low altitudes when ^ae 
amibient temperature is -EE^F continuous maxi-miiri icing cone it icns . ..ii; 

comer of the icing envelope is difficult to meet for themal ice protec- 
tion tor'll:' . More i> r^?juirt?u in _• l .’'I 

all oreration in icing conditions. We suggest tnat the militar-' require- 

ico protection below a line rhrougii S, I'l' ft 


•nent.- wnicn 
altitude at 
research 
e\"or teni. 


?i im.'.nat 
■EE^F ,ui 


- neeae. 
witi; a- 


sea level c 


tov rottor wiot: 
tial encounters 


y” are mere realistic. Actual le, more 
nition of 1 Imutat ions oloser to 


I , 1 (continued] 


■Altitude limit - too low, validity of lov*' temperature icing point - 
questionable. 

The -22°F at sea level is unrealistic. Should enphasize the onerational 
■*•10 to -t-32®? at sea level to 15,000 ft. Design philosophy behind 
■Appendix C is to have an envelope that will include 99.9 percent of all 
icing encounters and allow the aircraft to remain in these conditions 
for an indefinite period of time. This not needed for G/A aircraft 
or helicopters used in non-air carrier operations. .Al.$o, RAR 25 
envelope appears to be inaccurate at lower altitudes <5,000 ft. May 
also be too representative of maritime climates. 

Current icing design envelopes are based on extensive NACA multio' Under 
data. This data should be confirmed with the more accurate scattering 
spectrometer instruments currently available. If confirmation cannot be 
obtained, new design envelope maps should be defined. 

Large drop sizes are ver-' difficult to obtain in a natural environment - 
not representative of actual conditions. .Also, the high liquid water 
content specified for the 15 micron drops in intermittent maximum 
conditions is difficult to obtain in natural icing conditions and probablv 
net ver>'. representative of actual conditions. 


ni.2 UH-\T CH^X GES IVCLID YOU LIKE TO SEE IN THE OPERATIOJvL^L CONSTRAINTS 
(CERTIFICATION REQUIRBEN7S) REUTI\E TO ICING, IN ORDER TO IMPRQVT 
UTILICATION OF THE EXISTING .-CND GROWING BODY OF GENERAL AVIATION 
.AND SMALL TRANSPORT AIRCRAFT? HOW WOULD YOU JUSTIFY THE CHANGE? 


1. No changes until the validity o£ current data are verified. 

2. Criteria for rotorcraft are lacking and FAA is taking steps to i^rrralate 
appropriate requirements. This need emerged as the next logical step 
after helicopter IFR approvals. Also, a definition of "failing and 
blowing snow" per F.AR 25.1093 is needed. 

3. Raise temperature from -22°F to +10°F, delete requirement for analysis so 
ceitification could be obtained by test only, delete ability to certify 
by analysis only. With inappropriate F.AR 25 envelope, present 
operational rules are intolerable. .A forecast of "occasional light 
icing" would completely ban all nonequipped aircraft certificated in 
last fev' years, even though such exposure would probably be without 
significant hazard. 

4. Limitation of flight into knovvn icing conditions should not be required 
when length of time in and degree of icing is known by the pilot to be 
vein.' 3rra.ll, e.g., climg to on-top through shallow cloud laver. This 
could be justified by pilot Jud-gment. 

5. Icing certification should consist of selection of t.he most severe points 
for a given application and subsequent test cf these points or their 
equivalent. Fixed certification points should not be employed. Tne 
fi.xed ground fog certification point needs to be confirmed with test data 
or modified to reflect proper e.xposure to ground fog. 

We would like to have the option to certify by tests for not more than 
three flights into icing conditions and analvsis to cover the remainder 
of the envelope. In some cases, simulated ice shapes would be used to 
cover unprotected areas. We are not confident that flying behind a tanker 
gives representative result.s. Dierefore, the number cf flights required 
to cover the icing envelope would be astronomical and total!'-' 
inacceptable. 


cited aircraft tcini; cert if icat ion for limited icing conditiens 


0 . All F.AA regions must abiJe bv same reyalat ions . 

-M we wculd Like to see unifoimi inteimretat ion of r.VR’s bv all 
Some regions are ver-' arbitrar-' in their interpretat ion and 
FAR Part 25 Lnte;~:retat ions to F.MF Fart 25 regular icn and a 
is particuiariv true of performvar.ee criteria. 


F.AA re g i ons . 
tr-’ to apply 




r 

f- 




WtlVi .\D3'.\\’CEME\TS ,AP£ NEEDED TO HELP JUSTIFi' THE DESIRED OiWGES OF 
QUESTION : (E.G., INSTRITENTATION , ICE PRCTECTION CJJ.A3ILITIE5 , ■TN'D 
NEITHER FORECASTING) 

1. Instnrmeritaiion for real-time determination of water droplet diameter is 
perhaps the biggest need. 

2. Of course, part of the problem is a lack of adequate forecasting tech- 
niques in the civil arena. It is worth noting that the militan' allows 
partial icing operations (i.e., in light icing), provides better 
operational forecasts, and does not appear to have airplanes falling out 
of the sky in the winter. 

A slight digression. Carburetor ice forecasts are now well within the 
state-of-the-art. With forecast relative humidity and temperature at 
altitude, the forecaster could use the NASA or Canadian derived charts 
and predict the severity cf carburetor ice. 

3. Actually, the desired changes of question 2 can be justified with 
present capabilities. It is the pilot's judgement that is the key. 
However, anv increase in the ability to forecast icing conditions 
accuratelv would help the pilot make his decision. 

-i. Desirable to develop new equipment or technicues which could be used to 
control and measure liquid water content and droplet site more accurately. 

3. Better forecasting - particularly at specific altitudes. 

0. FAA/Industrv lECT meeting on ice regulations. 

Fanil iari tat ion of Part 25 F.A\ people with F.'Jl Part 23 aircraft and their 
operating characteristics. 


I 

I 


11 


vn . -I WH-\T IMPRO\’BE.\TS IN ;^PATH£ R FCREC-VSTING WOULD ^PST DIRECTLY 
HELP ICING FOREC-VSTS? 

1. 'tore use of satellite photos. Iirptoved ice forecasting relative to 
probability and severity. 

2. Some needed. Carburetor icing forecasts are now well within the state- 
of-the-art. With forecast relative humidity and temperature at altitude, 
forecaster could use N.1SA or Canadian derived charts and predict the 
severity of carburetor ice. 

5. Icing forecasts would be helped most directly by better forecasting of 
temperature changes with altitude and cloud tops. 

4. Liquid water content real-time data are the weak part of forecasting 
icing. Create a liquid water content data base and most of the forecast 
nroblem would be solved. 

5. Aircraft feedback to ce.ntral forecasting unit. 

a. ueterr'.ination of drop sice presently in cloud. 

Determinat ion of liquid water content In clouds. 


’■'n.5 ,\RE YOU SATISFIED WIT H Trir. PRESEM 'ETHCD OF CATEGORIZING THE ICING 
CONDITION 'E.G., TRACE. LIGHT, >DD£RATE, SPvERE'):’ ?IEASE~EXPI.A7\'. " 


IXPUWIONS : 


YES 


















1 




NO 


NO 

ANS 


I an not satisfied with the present categories of icing sev^erities. Thev 
are quite ambiguous and require knowledge of the airplane that the' 
toreca^ter nad in nind. .As a pilot report,ing scheme, thev are narginallv 
acceptable. I would prefer a nrTr.erical scale (one to ten or one to one ' 
.lunured'! listing the icing severities with an airplane specific 
Laiibration (i.e., eight on airplane .XX is moderate). 

The categovicing or the icing condition (e.g., trace, light, moderate, 
sei^ere snould te tied somehow to the sice airframe and the potential 
errect cn performance. 

i.ie present methods ot categoricing ice accumulations i trace, light, 
^uera^e, se\,ere, rijn6, are inadequate and Tican different 

tnings to different people. quantitative definition scheme is needed 
such as might be obtained with an ice detector, .An onboard ice detector 
wciu^ be usefil if it were reliable and inexpensive. 

The eharacterication or the severity of icing should be addressed in 
relation to specific aircraft. 

' of icing severitv in tiie -neteorolog)- reports in mere 

>.cevir’... terms, e.g., inches o( ri.mc Ice per minute of e.xrosure . 

New aetinition ,ind re'— lirni 


e.xample, the definition of sev 
rate or acmmulaticn ... th.it 
reduce or contra' the hazard." 
'viv '■'e too late. New def: nit: 
pil.:ts ::eed.< to '■'e -ere quanti 
Oi'.'^er'.’e a.nd ise for oreration,! 


' are 


eeded . 
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VII. 5 Lccntmued) 


, V de^-'ree o*-' har.ard as.sociated with atnwspheric icing 

Lised ba^ed on the hegrte o. ^^rtificated to tlv up to a 

conditions. Specific airplanes this 

Lcision on how his airplane capability conpatod to the reported 
weather. 

0 . It is a subjective aethod and not objective. 

.Ul asenciea niwrt use corspatibie tenro, F.W vs. heather Service, etc. 

judition^ncea^to^^ .ore “,:jl1i?-rS”;ri!^non^ 

^le';eo^oIog^■ is ue^i-nn^.j, .i ivt-iuiw ^ t ;,.i fv inta 

Aircraft Icing Response, which will use icing =ensit.Mti ..dta. 

p. PU doesn't pe^it^lu-ted j^ht^approvaB the^cjse with 

^odrra'cird^ counUd with ser.-ice experience and LnproveJ torecdstrnc 
Iclld overcome F.U rosition of full approval or no .approva. . 

1. V .VI 1 agencies should use the SvUre teiiTunolog>' tor icing conditions. 


i.i 


gL.VCi' ivA.\T ^EASl^R£S CLi m PROP^i^ttp^ ut. 

3E ISED TO E\'. U UATE IHE AIRCRXFI ’S ClAPARU rr>- rn npcif^Tp" 
IN THAT lOCU CLOUD 1L^VIRC^:^[L^T? ~ ’ — ' — ' — 
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^tS NO NO 
ANS 


^.TS" CO^^E.^TS 


'les, but look-ahe.id capability would be required. 


T *■’ 1 


LL;ait<ed ivzinc 


Ice Seve-^^v rn'"- pemitted, a system such as the Rosemoiint 
condition.^ to appraise the crew of actiui! 

’"-"resMn^' aoj,vanr onboard mstr.nr.entation tc measure cicud nronertie- 

desirable to have equipment which could 

-oret-es"kn 1 M-’ icin^ conditions exist, 
i'oth^’v ; ’ .altitude e.xperiences no icin^; where 

-u^-otae, airpume rlvinq l,b00 teet above does have icing enco^iter 


ios, it cost.'reliability factor is cood. 


" ^;;r*dr’;P’ «'=' ^cuahiut. 

"NO” dONMENT? 
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•■It. u'-c surt acts ■vi.' 
■ i.ssessront of ice is 


louu piot'erties is .in intiii’tct *re'*‘ ''Cv 


■ ■tost conricurat sens whtrt the 
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VI 1. 6 (continued] 

4. Additional required instnarentation on aircraft Vvould constitute a safety 
hazard due to (a] increased pilot work load in an already ha-ardous 
environment, '(b] additional electrical power requirements at a time when 
it could not be tolerated, and (c) such a device would require a probe 
in the airstream, creating additional drag, and malfunctions (e.g. , not 
deice) it could create extremely hazardous situation in an icing 
environment . 
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Section VI 1 1 
GE\ERAL 


VI 1 1 . 1 DO YOU THINK A PILOT TRAINING MD\1£ SHOULD BE MADE m\T .\DDRESSES 

THE PROBLBS OF FLIGHT INTO ICING CONDITIONS - HOW TO ATOID IT, HOW 
IT .AFFECTS AIRCRAFT PERFOR^!ANCE , HOW TO COPE WITH IT. .AM) HOW TO GET 
OUT OF IT^ 



,A\S 


GCAOIHMS 


1. In nddition :c ba^ic fiLn. pilots should, be schcoled in the coculi.^rtties 
or the ir.divid'jal .urcraft t\"pe. 

0. Ve.s, I think that pilot training is inport:int. Most G/.A pilots are afraid 
cr ice at iirst. Then with their first couple of exposures 'US'aallv 
trace or light icmg'i they become brave. Their bravery continues until 
the first serious encounter. .All too often t.he forecastLng philosoplu- of 
overtorecast ing ice ii.e., call for severe when it's reallv poderatei 
helps continue the bravado until the final, often fatal, serious icing 
encounter. Tie ijistp.iment rating exam shoiild have realist i c viuestions 
concerning ice. 


'ilot training novie on icing would be valuable as .m educational ai. 


1. rhioL ic.it ions .ind films which prnrK'te ,in awarenes.s of icinc problens would 

1 I 


usetMi, 


■\ pilot training movie wiii.,-h addr 
wrvuld ''c \'or'-' worthwliilo. It is 
.ii:~'l,ine :;u: is capable cf h.indl 

^ ‘ ' ' ■ - • . . v' ^ , ,v4> ^ w i 1 .. riciO 


esses flight into known icing conditions 
not ixissi^le to build a general .aviation 
ing or ^.v'iag with all possible icing 
to no 1 rTressod th.it 'kill, training. 


.i:ia "ost 


a . 


’ • ' ' ^ ’rm « • ^ 


vX'' in copiPik; w 1 1! n Ia'iik' xioiuiir loii'- 


j 



VlII.l continued'’ 


6. In 5 o;ne way the message needs to be disseminated to aircraft o^vmers on 
the value of anti-icing and deicLng systems and how to recognize their 
need. 



Section IX 


FINAL RECC^^E^IAT:ON■S 


IX. i MUT .ASPECTS OF ITIE ICING PROBLEM MOST .STEP ATTENTION? 

IN THE SHORT TERM^ 

1. Ice accretion and shapes for a combination of w-ater droplets and ice 
cr>'stals . 

1. Development ot' fluid anti- icing/de icing systems. 


,3. Etevelopir.eru of airframe ajid engine ice detectors. 

4. Niodification of operating rules. 

5. PI lot/ouTier education on icing. 

6. Pilot training movie plus the F.AA saretv clinic subjects. 


Icing forecasting. 

IN THE LO.NG TTRMI' 

I _ RefmLemcnt of current F.AR ..5 envelones and establishment of limited 
icing flight requirements. 

:. Climatological studies of the icing probabilities in the lower airspace 
ibelow- 5,000 ft' and in the inland sections of the counmu 

3. Dei'eiopirient of good flight test spray rigs and instinimentation . 

■1. ['eve lopment of an ice •phobic. 

5. Resea rcli in a more corprehens ive ..ind accurate detinition ot c luma tic 
icing conditions. 


NOT 


Pilot training. 

i:x;VTrIbr ,\s short or i.ono ttrm 


low altituue icing in nciuing pattci 


’•0 r 1 0 canoe .leo rc-e”. 


on nanrotectcu 


Researching alternatives to pnemtatic boots. 

Unit'onti interpretation of F.AR's by all F.AA reigons, and standard! .at *on 
of certification procedures. 

Training of pilots on how to avoid i.ce, cope with it, etc. 

Generation of experimental impingement data for latest airfoils. 
Development of efficient anti- icing for composites. 

Improved methods to deteitrdne ice accretion shapes on unheated surfaces. 
Definition of updated icing envelopes. 

Reduction in engineering and certification costs to manufacturers. 

Standard! cation of in-flight icing terms, icing reports, and certifica- 
tion procedures and regular ons. 

Development of new, low cost ice protection systems such as electro- 
impulse. micrcwuve, etc. 

In forr\ulating the MASA Icing Program, high priority shoiiLd be placed on 
t.he generic :ind basic research aspects of aircraft icing- For example, 
to contrehend the basic ohenonier.cn of ice achesion and to undcrstiind t.ne 
complete phvsical process which causes ice to adliere to other materials 
wcuid represent a major advancement in the attempts to define ice phobic 
materials .ind svstems which mitigate against or iriiibLt the accretion of 
ice. llie achievement of such a goal would not onlv have far reaching 
i.mt'act on aircraft safetv but also would be signific:int benefit to 
greund-basod svstems for example, :uitemas tor navigation aids; . 

•Another mai or program area for IIASA emphasis is icing environmental 
definition and forecasting. It Is common knovNledge among the pilot 
ncrulaticn that all too often forecast icing is not encountered and 


icnvc 

encoun 

tered i 

s not forecas' 

•* i ' » 

' -.1 w «. « 

e which 

inliib i 

ts opera 

tions 

:'as 1C 


tand ing 

of the 

ic mg 

t ir.e 

would not onlv 

afford 

:nore , 

hence 

create 

r opera 

tioncil c 

iipabi 

vCli V 

;"'o use 

a while 

airboiT, 

e to ' 

change of al 


cr .iirf'C 

t ion. 

0 T- 11 



.^crifov'^ 

or* t 


5 t .1 1 1 

-»r> 




ni n im 1 1 e tlie e f f e c t s of ice bc' a 
T!iis ccidd be done tlirough .inalvsis 


15. The aspect 5 of die icing problem which need the most attention are the 
design envelopes, water catch characteristics as a function of shape, 
improved spectrometers, drop supercooling characteristics and icephobic 
coatings. K\S.A could make significant contributions in all of these 
areas . 
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I\.: IN mAT .AREAS OF THE ICING PROBLEM COULD N.ASA MAKE TEE GREATEST 

CONTRIBUTICN'? 

IN THE SHORT TER''!" 

1. Additional ice collection efficiencies and UTrplngenieiit studies on 
current airfoils. 

C. Correlate studies by a number of conpanies in cloud physics to validate 
current icing envelopes . 

5. Standardize icing tests, facilities, and instrurentation. 

IN THE LONG TERM? 


None 


NOT lOENTIFIED .AS SHORT OR LONG TfK^I 


1 . On coinc progra;ns in ice phobics, instrumentation, and analvsis 
teclmiques. .All areas '.■.-ouid invoLve industry with RASA acting as 
clearing house for exchange of mfoirriaTion ;md the test facility for 
correlation or proving tests. 

Data collection from G/A operators ^not "F.AR" 111 operations! to 
substar.t late char.ges to E'lR 15 .Appendix C requirement. Fimly believe 
that F.AR 15 .Appendix C is vvorst case for F.AR 111 operations rather than 
practical G/.A operations with their ability to delay flights, cancel 
flights, deviate to other airports, use alternate R-RAV routes, etc. 

5. RASA could make the greatest contribution in the long term in develop- 
ment of an ice phobic or a system which disturbs the supercooled moisture 
in front of the airpl.me causing it to freeze before it contacts the 
surf.ice vif the airpEine. 

4. Ilie research suggested and described in this questionnaire would probablv 
involve several different research agencies, including the F.AA, the 
Nationai Neath, er Service and RASA. RAS.A's best role would be as tne 
initiating ,.ir,d coordinating agency as well as tiie responsible agenc\’ tor 
parts of the researcb. needed. 


Deveioping th, rough, theoretical unalvsis cf the suhioct, testing or all 
.ivailable svstems. then publis'n.ung desig:'. guides for m;inufacturcrs to 
insure ideuiiite desuns for icing protection. 


Reevab.iite icinc parametors a.^ related to fixed wing .ind rotai".- wing 
iircrart. Al.-^o, better .ind mere icing test facilities. 


n. ■; ' 


contribution .houU be on . 

i^p1!c^o^;1rrir";n. terinioues sbcuM be the tesponobbtitri 

or the user :e.g., the .-Ur Force). 

regulatory agencies such as F.U, tOT, etc. 

- .Urfoil or component shape - desigrt to reduce ict collection 

'ASA could form a bank o£ computer programs for all shapes ot 
■ htrlare anf SciUta iTtdustrv use of this intonation 

Sponsor icing tunnel tests of new ice protection systems to detetrune 
perfoTTiance and feasiblity. 
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SURVEY CF AIRCRAFT ICIMG SIMUIATICM FACILITIES IN NORTH AMERICA 

william OLSEN 
ICING RESEARCH SECTICW 
NASA LEVnS RESEARCH CENTER 

NASA vas requested to survey the capabilities of the facilities in 
North America that can do aircraft icing simalation tests. The survey 
vas requested by the Standing Concnittee on Icing, vhich is Jointly sponsored 
by NASA, FAA and NQAA; the military services have also expressed a need 
for this survey. European iolag facilities have already been surveyed and 
reported in AGARD Advisory Report 127. 

The reasons for the survey are to; (l) Inform the icing research 
coac.unity of the capabilities of existing icing facilities, (2) make It 
easier for a potential facility user to select and contact the icing 
facility t.hat is appropriate for his test requirements, and (3) help 
facility managers evaluate and improve their facility. 

The survey determined the location and size of each facility, its 
airspeed and temperature range, icing cloud parameter ranges, and the 
technical person to contact. The faciTities surveyed and their capa- 
bilities are listed in tables A to D, one for each of the four types 
of simulation facilities that are described on figures A to D. The 
capabilities of each facility vere estimated by the engineers working 
vith that facility. The n’umbers in the tables are single point 
arproximati or.s by them of the complex operating curves of their 
facility. Many of the facilities have capabilities beyond that required 
for icing testing and these excess capabilities were net included in the 
tables . 
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